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IKTSOraCTIOR 


Dr.  F.  D.  lossinl  once  said,  ”Tbe  dltlsats  sad  of 
chssioal  thttmodynasles  say  bs  said  to  be  tbs  sraluation  of 
the  free  easrfiss  of  fwaatioa,  fros  the  appropriate  units 
of  natter,  of  every  substance  in  every  possible  state. 

Fron  the  standpoint  of  the  eoapilation  of  the  ultiaate  or 
naster  table  of  ehenieal  theraodynanies,  the  nost  i^;K>rtant 
theraodynaaie  properties,  in  addition  to  the  free  energies 
theaselves,  are  the  heat  content  and  the  entropy;  and  the 
successful  evolution  of  the  aaster  table  is  predicted  upon 
the  existence  of  accurate  values  of  the  heats  of  fomation 
and  the  entr<q;>ies  of  fomation.**^ 

In  the  long  vise,  this  investigation  vas  undertaken 
to  provide  one  nore  inereaent  of  knowledge  to  the  nass  that 
will  be  necessary  to  carry  out  the  ccaqiilatioa  of  the  naster 
table.  In  the  shorter  view,  it  was  thought  that  accurate 
values  of  the  heats  of  c<mbustion  and  iscmerizatlon  of  the 
conaon  terpene  hydrocarbons  night  be  of  value  to  those  lAo 
are,  and  will  be,  concerned  in  the  aanufacture  of  useful  pro- 
ducts froa  these  coiqxninds. 

There  has  been  no  atteapt  to  include  herein  a com- 
plete bibliography  on  the  topic  of  caloriaetry.  Only  those 
references  which  have  a direct  bearing  on  this  investigation 
have  been  included. 
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CHAPm  X 


OmRAL  DISCUSSION  OP  COMBUSTION  CALORIUTRT 

The  classical  method  of  deterainlag  the  heat  of  cos- 
bust  ion  of  a substance  containing  only  carbon,  hydrogen,  and 
oxygen  Is  to  explode  a saaQ>le  of  the  substance  in  a rigid 
vessel.  This  vessel  Is  contained  la  a suitable  asount  of 
vater,  and  the  heat  evolved  Is  evaluated  from  the  rise  la 
tesperature  of  the  water.  The  rigid  vessel  which  contains 
the  saaple  Is  called  the  bomb.  The  bomb,  the  water,  and 
the  metallic  container  for  It  make  up  the  calorimeter. 

Since  there  are  no  perfect  heat  insulators,  it  is  nc»ce8sary 
to  know  accurately  the  heat  transfer  between  the  calorimeter 
and  its  surroundings.  To  this  end,  the  calorimeter  Is  en- 
closed In  a jacket  whose  traiperature  Is  known  at  all  tines. 

Two  Butln  methods  are  used  In  calorimetric  measure- 
ments. In  one,  the  temperature  of  the  jacket  is  kept  the 
same  as  the  calorimeter  throughout  the  combustion.  This 
method  has  the  advantage  of  eliminating  the  heat  losses 
between  the  calorimeter  and  the  jacket.  This  Is  of  value 
In  processes  In  which  small  amounts  of  heat  are  evolved 
over  long  periods  ox  time.*  In  the  other  method,  so- 
called  isothermal,**  the  jacket  is  kept  at  a constant  tem- 
perature a few  degrees  above  the  starting  tmperature  of 
the  calorimeter,  and  the  heat  losses  are  evaluated  and  cor- 
rected for.  This  method  Is  generally  used  in  fast  processes 
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in  which  nn  nppreclnblw  naount  of  heat  In  liberatod.  In 
the  present  investigation,  the  isotheraal  aethod  was  used 
and  will  therefore  be  discussed  to  the  exclusion  of  the  adi- 
abatic aethod. 

Inergy  ggnivalent  of  Caloriaeter. — ^The  aaln  source 
of  discrepancy  in  data  reported  by  different  laboratories 
has  been  the  difficulty  of  detemlnlng  the  energy  absorbed 
per  unit  of  teaperature  rise  in  the  installation  used.  The 
earliest  attempts  aade  use  of  a knowledge  of  the  kinds  and 
quantity  of  the  aaterial  aaklng  up  the  caloriaeter  in  order 
to  arrive  at  the  heat  capacity  of  the  systea.  Absolute 
aeasureaents  of  this  sort  are  unsatisfactory  in  that  they 
neglect  factors  which  are  a property  of  the  process  rather 
than  the  material  systea.^ Such  things  as  lags  in  the 
theraonetrlc  systmi  and  calorimeter  and  heat  conduction 
through  the  leads  are  very  difficult  or  impossible  to  deter- 
mine absolutely.  For  this  reason  a aethod  of  comparative 
aeasureaents  is  always  used  in  precise  work. 

In  a calibration  of  this  sort  the  caloriaeter  serves 
as  an  absorber  and  comparator  of  the  energies  released,  first 
in  a process  idiich  liberates  a known  amount  of  heat,  and  then 
la  the  unknown  process.  The  known  and  the  unknown  processes 
are  carried  out  under  identical  conditions,  thereby  eliainating 
the  need  to  sake  corrections  for  lags  and  other  unknown 
factors. 
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Th0  measureaents  of  olectrlcal  reslstanoo  and  cur- 
rent are  subject  to  accurate  deteminations  and  therefore 
the  anount  of  heat  dissipated  In  a resistor  has  become  the 
ultimate  known  process  to  irtilch  others  are  referred.^  This 
method,  however,  Is  a tedious  and  ooiq>lleated  one.  For  this 
reason,  work  was  undertaken  to  provide  a convenient  chemical 
process  to  which  the  unknown  processes  might  be  referred. 

Out  of  this  work  has  come  the  use  of  bensolc  acid  as  a com- 
bustion standard.^**^*^*^  The  calibration  of  a calorimeter 
then  consists  In  obtaining  a standard  sample  of  benzoic 
acid  (provided  by  the  Bureau  of  Standards),  combusting  It, 
and  comparing  the  unknown  compounds  to  the  accurately  known 
heat  of  combustion  of  benzoic  acid.  This  is  the  method  that 
was  used  In  this  investigation. 

Heat  Transfer  Between  Calorimeter  and  Jacket.  — ^The 
heat  transfer  between  the  calorimeter  and  the  constant  tem- 
perature Jacket  iriilch  surrounds  It  Is  frequently  thought  of 
as  a correction  that  must  be  applied  to  the  observed  temper- 
ature rise.  This  conception  of  It  Implies  that  It  would  be 
advantageous  to  make  It  as  small  as  possible.  A better  way 
to  view  the  situation  is  to  consider  the  total  temperature 
rise  of  the  calorimeter  as  a sum  of  two  terms.  The  first 
Is  the  heat  that  Is  given  off  by  the  process  la  the  b<»b. 

The  second  Is  that  heat  which  1s  added  as  a result  of  the 
transfer  of  s<me  heat  fr<m  the  Jacket  to  the  calorimeter. 
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This  gives  one  the  correct  outlook.  It  is  not  so  important 
that  the  heat  transfer  contribution  be  made  as  saall  as  pos- 
sible; but  rather  that  one  should  so  specify  conditions  that 
it,  no  matter  vhat  the  size,  may  be  determined  accurately . 

The  heat  transfer  is  generally  considered  to  follow 
Newton's  law.  In  order  that  this  assumption  shall  be  valid 
it  is  necessary  to  specify  certain  conditions.  Transfer  by 
conduction  and  radiation  are  the  only  ones  that  follow  the 
law  and  these  only  to  an  approximation.  If  the  thermal 
head  between  the  calorimeter  and  the  Jacket  exceeds  a few 
degrrees  in  magnitude  the  law  is  no  longer  valid.  Heat  also 
can  be  transferred  by  convection  and  evaporation,  which  do  not 
depend  on  the  thermal  head.  Hence,  in  the  design  of  a calor- 
imeter one  must  attempt  to  make  the  contributions  of  the 
latter  effects  as  small  as  possible.  Let  us  consider  then 
one  at  a time  and  see  what  must  be  done  to  minimize  the  errors 
in  the  heat  transfer  term. 

Convection,  of  all  the  nodes  of  heat  transfer,  causes 
the  most  trouble.  It  can,  however,  be  reduced  to  negligible 
proportions  by  proper  design  of  the  calorimeter.  White^^ 
has  shown  that  an  air  gap  of  approximately  one  centimeter 
between  the  calorimeter  and  the  Jacket  la  consist ant  with  a 
precision  of  .01  percent. 

Bvaporatlon  should  cause  the  least  trouble  in  the 
installation  since  it  can  easily  be  eliminated.  Unless 
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pr«caatloas  are  taken,  however,  it  can  be  a serious  cause  of 
trouble.  The  first  obvious  sethod  of  ellniaation  Is  to  en- 
close the  calorlseter  liquid  eoiq>letel7  by  aeans  of  an  iy)pro- 
prlate  cover.  Also  one  can  arrange  the  ezperlsent  so  that 
the  Jacket  tesperature  Is  always  above  that  of  the  calori- 
seter.  This  prevents  any  of  the  calorimeter  liquid  from 
condensing  on  the  walls  of  the  Jacket  and  giving  up  Its  heat 
of  condensation  to  the  environment.  Any  small  effects  that 
remain  after  these  precautions  are  taken  can  be  evaluated 
and  allowed  for  In  the  calculations,  as  will  be  shown  later. 

Te^>erature  Measurwaent . — ^A  great  deal  of  combustion 
calorimetry  la  the  past  has  been  done  using  a mercury  In 
glass  thermometer  of  some  type  or  the  other.  Under  the  best 
conditions  an  accuracy  of  one  part  per  thousand  is  the  best 
that  can  be  expected.  However,  in  recent  years,  the  use  of 
resistance  methods  has  considerably  l^>roved  this  accuracy. 

A platinum  resistance  thermometer  and  the  associated  equij»ent 
Is  undoubtedly  the  wont  accurate  and  reliable  method  of  tem- 
perature measurement  available.  By  this  means  the  temperature 
rise  la  the  calorimeter  may  be  determined  to  an  accuracy  of 
one  part  la  tea  thousand. 

There  is,  however,  one  factor  that  must  be  carefully 
watched  for;  this  is  the  heating  effect  In  the  coll  of  the 
thermometer  due  to  the  measuring  current  used.  The  current 
must  be  passed  through  the  coll  long  enough  before  each 
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■easurasent  to  be  sore  that  the  theraoaeter  has  reached  eqol- 
librlUB  vlth  the  body  whose  temperatore  is  to  be  weasored. 

It  vast  also  be  ascertained  that  the  Beasariag  corrent  re- 
sain constant  over  the  entire  ezperisent.  The  assumption  is 
made  that  the  heating  effect  in  the  coil  is  the  same  at  all 
temperatures.  This  is  certainly  valid  over  the  short  range, 
approximately  2^  C.,  used  in  this  investigation.  Since  only 
differences  in  temperature  are  being  measured  th^e  is  no 
error  introduced  as  long  as  these  effects  are  kept  constant. 

By  the  same  token  it  is  not  necessary  to  worry  about  lead 
resistances  as  long  as  the  assumption  that  they  are  constant 
over  the  entire  time  of  the  esqperiment  is  valid. 

Stirring  of  Calorimeter  Liquid. — In  order  that  the 
t«Bperature  sensitive  element  shall  propmrlj  record  the  mean 
temperature  of  the  calorimeter,  the  liquid  used  must  be 
stirred  thoroughly,  nie  most  efficient  method  is  by  means 
of  a screw  stirrer,  in  a vessel  which  is  shaped  to  adapt  it 
to  this  type  of  agitation.  A study  by  1*  F.  Mueller  at  the 
Bureau  of  Standards^^  showed  that  a body  of  liquid,  containiag 
a central  obstruction  such  as  a bomb,  reached  equilibrium 
much  more  quickly  using  a propeller  as  a stirrer  than  when 
a reciprocating  ring  stirrer  was  used.  The  reciprocatlmg 
stirrer  has  the  additional  disadvantage  that  a portion  of  it 
must  leave  the  liquid  thus  prmaotlag  evaporation.  There  is 
a heating  effect  due  to  the  stirring  which  is  evaluated  for 
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•aoh  d«t«nniB«tlo».  H«r«  agala  pr«eantioas  anst  ba  takaa 
ao  that  tha  asaai^tioa  that  it  la  eoastaat  ovar  tha  tiaa  of 
tha  axparlaaat  la  Talld.  Tha  aathod  hy  ahleh  thla  ooatrl> 
hatloa  la  oalealatad  la  eoaaldarad  latar. 

Pataralaatlaa  of  tha  Aaoaat  of  laaatlaa.—  Tha 
raaetloa  taklag  plaea  la  thahoab  anat  ba  praelaaly  apaelflad. 
Thla  eaa  ba  doaa  by  aahlag  e«rtala  that  tha  aabataaca  eoa- 
baata  eoaplataly.  For  ooapoanda  eoatalalag  carboa,  hydrogaa, 
aad  oxygaa  thla  aaaaa  that  all  tha  oarboa  goaa  to  carboa 
dloaida  aad  all  tha  hydrc^aa  goaa  to  wataa.  laeo^plata  eoa- 
baatloa  vlll  avldaaea  Itaalf  by  a dapoalt  of  carboa  la  tha 
boab  aad/or  by  tha  praaaaea  of  oarboa  aoaozlda  la  tha  pto- 
daota  of  tha  coabaatloa.  Aa  aaalyaia  of  tha  eoabiiatloa  pro- 
daota  for  carboa  aoaoalda  la  oaa  aeaaa  of  ohacklng  for  ineoa-* 
plata  eoaboatloa. 

If  oaa  baaaa  tha  aaoaat  of  raaetloa  on  tha  aalght  of 
tha  aaiqpla  plaead  la  tha  boab,  tha  laart  laparltlaa  la  tha 
aa^pla  aaeh  aa  vatar  aad  dlaaolrad  air  ara  aaglaotad.^^ 

For  thla  reaaoa  It  haa  coaa  to  ba  tha  praetloa  to  baaa  tha 
aaoaat  of  raaetloa  oa  tha  valght  of  carbon  dlozlda  foraad. 
Thla  allalaataa  tha  aaad  of  corractlng  for  tha  diaaolvad  air 
aad  aatar  and  alao  allova  oaa  to  aaka  corraetloaa  for 
aaouata  of  lae<Mq>lata  eoabaatloa. 
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ClUPTBt  II 


CALQftimtxc  iQOiPimrr  and  pBOCEDimi 

Th«  eoBbastimi  boab  iui«d  in  this  iBYSStlKstion  of 
B spoelal  dMlgB  bolag  iisod  at  tho  Baroan  of  Staadarda  la 
tholr  eoahaatlon  vork.  It  was  ooaatraetod  to  ordor  la  tho 
Ualvaraltjr  of  ri<»lda  aaeklaa  shop,  aalag  fittlnca  obtalaad 
froB  tho  Parr  Inatroaoat  Coapaay.  Tho  body  aad  hoad  of  tho 
boah  voro  eoaatmotod  of  lllloa,  a oorroalon  roolataat  alloy* 
obtalaod  froa  tho  Illlaa  Ccnrporatloa  la  tho  fora  of  a eaatlof . 
Tho  hoad  vaa  hold  la  plaeo  by  a atalnlosa  atool  eap  vhleh 
aerova  dova  ovor  tho  body  of  tho  boab.  A proaouro  tlfht  aoal 
vaa  aado  by  tvolvo  aot  aorooa  la  tho  atool  oap.  Thoao  boar 
down  oa  a proaaaro  rlag  aad  offset  a eloaoro  botvooa  tho  hoad 
aad  tho  body  by  aoaaa  of  a toflon  gaakot.  Tho  hoad  of  tho 
boab  had  too  valvoa  to  allow  It  to  bo  flllod  vlth  oxygon  to 
tho  pr^or  proaaaro  aad  to  allow  It  to  bo  floshod  oat  with 
oxygoa.  Thoro  voro  alao  two  platlBaa-lrldlaa  oloetrodoa  vhleh 
hold  tho  flrlag  wlro  to  igalto  tho  ehargo.  Tho  boab  had  aa 
latoraal  volvae  of  390  al.  aad  volgha  4443.9  gaa. 

Calor laotor . —Tho  ealorlaotor  was  aado  by  tho  Pro- 
elaloa  Seloatlfle  Coapaay  aeeordlag  to  apoelfleatlona  oatllaod 
by  tho  Thoraoehoaleal  ioetl<m  of  tho  Buroaa  of  Btaadarda.  Tho 
ealorlaotor  Itoolf  wm  eylladrrcal  la  ahapo*  with  aa  oxtMdod 
part  Boparatod  froa  tho  aala  portion  oxeopt  at  tho  top  aad 
tho  bottoa.  Thla  oxtoadod  portion  eoatalaod  tho  atlrror  and 
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vas  shaped  at  the  bottcm  so  as  to  direct  the  flow  of  water 
evenly  throughout  the  ealorlseter.  The  part  of  the  calorl* 
aeter  above  the  stirrer  was  closed  except  for  a hole  large 
enough  to  admit  the  stirring  shaft.  In  order  to  avoid  evap- 
oration la  so  far  as  possible  the  main  portion  of  the  calorl- 
aeter  was  provided  with  a cover  which  had  three  oj>enlags, 
one  for  the  theraoneter  and  the  other  two  for  the  leads  to 
the  b<»b.  If  teaperature  equalisation  Is  to  be  achieved 
this  cover  aust  be  In  contact  with  the  liquid  In  the  calori- 
meter. It  was  accordingly  built  la  the  fora  of  an  inverted 
dish  with  collars  soldered  around  the  top  of  the  openings. 

The  entire  calorlaeter  was  aade  of  nickel  plated  copper  and 
was  highly  polished  on  the  outside  to  reduce  radiation  effects. 

The  calorimeter  was  held  In  a slightly  larger  con- 
tainer of  the  saae  shape,  irialch  could  be  submerged  In  a bath 
of  water.  The  Inside  surface  of  this  container  was  highly 
polished  also.  The  calorlaeter  was  supported  by  means  of 
three  Mall  pegs  of  a non-conduct  lag  aaterlal  which  fit  Into 
corresponding  Indentations  on  Its  bottom.  These  pegs  were 
placed  so  that  the  calorimeter  was  centered  In  Its  container 
with  a one  centimeter  air  gap  between  them  at  all  points. 

The  cover  of  this  outside  container  was  provided  with  three 
openings  corresponding  with  the  openings  In  the  calorlaeter 
cover  and  had  collars  connected  to  them  irtilch  extended  well 
above  the  surface  of  the  surrounding  liquid.  This  cover 
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also  eoBtained  the  top  portion  of  ths  stirring  shaft,  In- 
cluding the  bearing  surfaces  and  a connection  to  a stirring 
notor  by  neans  of  a flexible  cable.  The  top  part  of  the 
stirrer  was  attached  to  the  bottcm  part  after  the  cover  was 
In  place  by  screwing  then  together.  The  cover  of  the  outside 
container  was  held  In  place  by  six  hand  screws  and  a water 
tight  seal  was  nade  against  a rubber  gasket. 

The  outside  container  was  actually  the  constant  tem- 
perature surface  which  maintains  a known  thermal  head  between 
it  and  the  calorimeter.  Xt  was  In  turn  held  la  a much  larger 
vessel  which  contained  water  at  a constant  temperature.  The 
constant  t«m»erature  Jacket  was  fitted  with  a large  stirrer, 
a coll  of  metal  tubing  to  provide  cooling,  and  a 250  watt 
heater.  Constant  tmiperature  was  maintained  by  means  of  a 
toluene  bulb  and  the  relay  idiose  circuit  Is  diagrammed  in 
Figure  1,  p.  12. 

It  was  found  necessary  to  use  two  relays  la  the  cir- 
cuit for  the  following  reason.  Xf  the  control  current  of  the 
relay  circuit  Is  of  any  magnitude  at  all  there  is  som  sparking 
at  the  mercury  surface  in  the  toluene  bulb  idien  contact  Is 
nade.  Xt  was  found  that  most  sensitive  relays  irtiich  will 
operate  on  low  currents  will  not  handle  enough  power  to  act- 
uate the  heater.  On  the  other  hand,  relays  which  have  large 
contacts  have  the  disadvantage  of  requiring  much  larger  cur- 
rents In  the  control  circuits.  As  a consequence,  two  relays 
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1*  Toluene  Bulb  Contact 
2.  1 Megohn  Resistor 

• 400  Obst  Resistor 

• 20  Mfd*  Condenser 
3*  UOOO  Ohm  ReXajr 


6*  Commercial  Relajr 
7*  Heater  Contacts 

8.  110  A,  C. 

9.  110  A.  C. 

10,  110  A,  C, 

11,  71~^  Radio  Tube 


Circuit  Diagram  for  Thermostat  Control 
Figure  1 
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were  used,  the  ssaller  of  which  was  actuated  hy  the  toluene 
bulb.  This  wall  one  in  turn  handled  the  control  current  for 
a large  relay  which  carried  the  heaters.  This  set-up  was 
found  to  be  very  effective.  If  proper  balance  was  achieved 
between  heating  and  cooling  it  was  possible  to  attain  control 
to  - 0.001^.  Sven  with  practically  no  adjustnents  beyond  a 
crude  equalisation  of  heating  and  cooling,  control  to  - 0.002^ 
was  attained. 

ThersCTiietric  By s ten. — ^The  themonetrlc  systen  con- 
sisted of  a platlnun  resistance  themoneter  and  the  assoc- 
iated apparatus.  The  thenK»eter  was  of  the  flat  calorimetric 
3 

type  and  was  equipped  with  four  leads.  By  means  of  the  four 
leads  and  a reversing  switch  in  the  resistance  bridge  one  can 
cancel  out  the  lead  resistance.  However,  since  only  differences 
in  resistance  were  used  in  the  calculations,  it  was  not  neces- 
sary to  take  them  into  consideration  except  to  assure  their 
constancy.  The  themoseter  had  a resistance  of  about  25.5 
ohms  at  0.0^  C.  and  a resistance  change  with  temperature  of 
approximately  0.1  ohm  per  degree  C.  The  resistance  of  the 
thermometer  at  0.0®  C.  was  checked  at  Intervals  throughout 
the  investigation  and  was  found  to  change  by  less  than  0,00002 
ohms  over  this  period  (nearly  two  years).  The  constants  for 
this  thermometer  were  determined  at  the  Bureau  of  Standards. 

The  relation  between  the  resistance  and  the  temperature  is 
given  by  the  following  equations! 
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= 25.54465  / 0.1060748t  > 0.00000058t^ 
dlt/dt  = 0.1060748  ~ 0.00000116t 
This  eoaverslon  foraula  v&s  used  only  to  find  tho 
final  tenperaturo  of  tho  ealor looter  eyetmi  at  tho  end  of  a 
conbuotlon.  For  tho  purposes  of  calculation  the  actual  values 
of  the  resistance  were  used  and  the  energy  equivalent  of  the 
calorlneter,  in  J/ohn,  was  detemlned  directly  la  terns  of 
the  platinua  themoneter  used.'*’' 

The  resistance  of  the  sensitive  eleneat  was  deter- 
alned  with  a Muell«r  Resistance  Bridge,  expressly  designed 
for  use  with  a platinua  resistance  themoneter.  The  bridge 
balance  was  found  by  usix^  a sensitive  low  resistance  gal van- 
oaeter  (LMI  R8-2285).  The  resistance  bridge  consists  of  six 
decades  of  resistances  which  will  neasure  a naxlnun  of  111.111 
ohns.  The  sensitivity  of  the  circuit  was  such  that,  with  a 
five  allllaap  current  through  the  thernmeter , 0.0001  ohn 
unbalance  gave  a deflection  of  3 nn.  on  the  galvanoneter 
scale.  This  aeans  that  the  tenperatures  could  be  read  to 
0.0001^  C.  The  bridge  was  calibrated  at  the  Bureau  of 
Standards  and  the  calibration  over  the  range  used  was 
checked  In  this  laboratory,  by  ccmparlng  with  a standard 
resistance  of  10  ohns  xdilch  had  been  calibrated  at  the 
Bureau  of  Standards. 

Ignition  Inergy. — ^Ro  explicit  attenpt  was  nade  in 
this  investigation  to  detemlne  the  ignition  energy.  Since 
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the  ignition  van  perforned  in  the  sane  fashion  in  both  the 
calibration  experinents  with  benzoic  acid  and  in  the  unknown 
conbustions,  the  only  assumption  nade  is  that  the  energy 
imparted  to  the  system  by  the  heating  of  the  ignition  wire 
will  remain  constant  from  run  to  run.  This  same  assumption 
would  have  to  be  nade  were  the  energy  to  be  determined  in  a 
separate  series  of  experiments.  Consequently  there  was  no 
loss  of  accuracy  by  this  procedure.  A correction  was  made, 
however,  for  the  amount  of  wire  actually  burned  in  each 
9xp9r±m9nt  using  the  value  7.5^^  IJ/gm  for  the  heat  of  com- 
bustion  of  iron  wire.  It  was  found  that  in  a majority  of 
the  experiments  the  wire  was  completely  burned. 

Correction  for  Hitric  Acid. — A correction  for  the 
nitric  acid  formed  was  nade  using  the  value  57.8  KJ/gm^^  for 
the  standard  heat  of  formation  of  nitric  acid.  The  amount  of 
acid  formed  was  determined  by  titrating  the  bomb  washings 
with  0.05  M WaOH,  using  brom-cresol  green  as  an  Indicator. 

It  was  found  that  the  correction  for  nitric  acid  remained 
nearly  constant  with  each  tank  of  oxygen  used,  but  changed 
considerably  from  tank  to  tank. 

Purification  of  Oxygen  Used  in  Combustion. — Commer- 
cial oxygen,  which  was  used  in  this  investigation  may  contain 
combustible  impurities*  It  was  necessary  then  to  purify  the 
oxygen  before  it  could  be  used  in  the  bomb.^^  For  this 
reason  the  oxygen  which  was  used  to  fill  the  bomb  was  passed 
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through  a staialuss  steel  tube  eontalnlng  copper  oxide  heated 
to  500^  la  order  to  oxidise  any  iaterfering  iapurities. 

It  was  thea  passed  through  a tube  coataialng  ascarlte  to 
absorb  aay  carboa  dioxide  froa  the  oxidatioa.  riaally  the 
oxygea  was  adaitted  to  the  boab.  The  filllag  proceeded  slowly 
so  that  it  was  certala  that  the  oxygea  was  ia  coatact  with 
the  hot  copper  oxide  loag  eaough  to  coapletely  oxidise  any 
iapurities.  Ia  these  experiaents  the  oxygea  was  fed  into  the 
boab  at  such  a rate  that  it  tocdc  twenty  alnutes  to  reach  the 
standard  pressure  of  30  ataospheres. 

IxaainatioB  of  the  Products  of  Coabustioa. — The  pro- 
ducts of  the  coabustioa  were  exaaiaed  for  the  aaount  of  aitric 
acid  foraed  as  described  on  p.  15.  A deteralnatioa  for  the 
aaount  of  carbon  dioxide  foraed  ia  the  experiaent  was  also 
perforaed  as  well  as  the  aaount  of  carbon  dioxide  foraed  in 
the  subsequeat  oxidation  of  any  products  of  Incoaplete  con- 
bust  ion. 

These  deteralaations  were  aade  using  an  absorptloa 
train  with  the  carbon  dioxide  being  ataorbed  la  ascarlte. 

Oxygen  froa  a coaaercial  supply  was  first  passed  through  a 
tower  coataialng  copper  oxide  at  500^  C.  aad  thea  through  a 
tower  of  ascarlte  to  purify  it  as  described  above.  The  oxygen 
passed  into  the  boab  through  the  inlet  valve  aad  out  again 
through  the  exit.  Froa  there  it  passed  to  an  absorption  tube 
coataialng  ascarlte  backed  with  a plug  of  aagnesiua  perchlorate 
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which  rew>vad  all  the  carbon  dioxide  foraed  la  the  combust Ion. 
Next  was  another  tower  of  copper  oxide,  like  the  one  des- 
cribed above,  to  oxidise  to  carbon  dioxide  any  products  of 
Incomplete  combustion.  This  was  followed  by  another  absorp- 
tion tube  of  ascarlte  and  then  the  oxygen  was  passed  through 
a tube  containing  ascarlte  and  magnesium  perchlorate,  to  pre- 
vent back  diffusion  from  the  room,  and  finally  through  a flow 
meter  to  regulate  the  velocity  of  flow.  The  entire  train  was 
of  glass  except  for  the  tygon  tubing  used  to  connect  the 
absorption  tubes  and  the  metal  bomb  connections.  The  flow 
of  oxygen  was  regulated  at  200  ml.  per  minute  by  means  of  the 
calibrated  flow  meter. 

Sealing  Samples  In  Glass  Ampoules. — The  coim>ounds  that 

were  used  In  this  investigation  were  all  liquid.  It  was  neces- 

) 

sary  to  enclose  the  samples  from  air  and  to  prevent  any  evap- 
oration between  the  tine  of  weighing  and  combustion.  To  accom- 
plish this  the  sai^ples  were  weighed  In  small  glass  aiqpoules 
which  were  made  as  followst  A soft  glass  tube  of  4 mb.  inside 
diameter  was  drawn  out  Into  a capillary  at  one  end.  It  was 
again  drawn  out  a short  distance  above  the  shoulder  of  the 
capillary  so  that  a blob  of  glass  was  obtained  between  two 
capillary  tubes,  as  shown  In  step  2 of  Figure  2,  p.  18.  The 
intervening  blob  of  glass  was  heated  until  It  could  be  blown 
Into  a thin  walled  bubble.  This  bubble  was  broken  off  from 
the  main  portion  of  the  tube  and  the  capillaries  bent  as  shown 
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Steps  in  Preparation  of  Ampoules  for  Enclosing  Bulbs 

Figure  2 
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la  stap  4 of  Figaro  2.  Slaoo  tho  aapoolo  was  to  withstaad  a 
prossuro  of  30  ataosphores  tho  sldos  of  the  spherical  hubblo 
w«re  flattened  by  holding  then  in  the  flane  a nonent.  This 
inparted  some  flexibility  to  the  an^oules  so  that  when  they 
were  coiq>letely  fall  the  pressare  was  sapported  by  the  li- 
qaid . 

The  anpoales  were  filled  by  applying  a slight  suc- 
tion fron  a vacuum  line  to  the  straight  capillary.  When  it 
was  c<»q>letely  full  a filter  pmm»'  hPPH«d  to  one  end  will 
draw  the  liquid  away  fron  the  oth«r  end  far  encmgh  so  that 
the  capillary  can  be  sealed  off  la  a snail  flame.  After  one 
end  is  sealed,  a piece  of  lee  held  to  the  botton  of  the  an- 
poule  will  draw  the  liquid  frtm  the  other  end  so  that  it, 
too,  nay  be  sealed.  This  filling  operation  nay  be  acc<w- 
pllshed  in  something  ov«r  one  ninute. 

Prior  to  filling,  the  ampoules  were  weighed  under 
water  to  arrive  at  an  estimate  of  their  volume  so  that  the 
proper  amount  of  sample  could  be  used  in  the  experiment.  To 
accomplish  this  an  old  analytical  balance  was  modified  so  that 
the  bouyancy  effect  of  the  aaq»oule  when  held  under  water  could 
be  balanced  by  means  of  brass  weights.  Xt  was  found  by  trial 
that  a bouyancy  effect  requiring  one  gram  to  neutralise 
would  give  the  proper  volume  of  sample.  Ampoules  irtiich  were 
appreciably  smaller  or  larger  than  this  were  discarded.  The 
actual  range  used  was  from  0.95  gm.  to  1.05  gm. , which  gave 
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sample  weights  ranging  iron  0.90  to  1.00  gs. 

Proce4nre  for  Combustion  tun. — An  ampoule  to  hold  the 
proper  amount  of  sample  to  give  the  correct  temperature  rise 
was  weighed,  filled  with  the  sample  to  be  run  and  weighed 
again.  This  sample  was  placed  in  the  platinum  crucible 
which  was  held  in  position  immediately  below  the  fuse  wire 
in  the  temb.  0.00760  gm.  of  fuse  wire  was  criiq>ed  into  posi- 
tion between  the  electrodes  and  one  ml.  of  water  added  to  the 
bomb.  The  bomb  was  assembled  and  a pressure  tight  seal  was 
made  by  tightening  down  the  12  set  screws  in  the  cap  in  the 
following  manner I Designating  any  one  screw  at  1,  it  and 
the  one  immediately  opposite  from  it,  1»,  were  tightened; 
then  4,  4*;  2,  2*;  5,  5*;  3,  3*;  and  6,  6*;  idiich  completed 
the  circuit.  Inch  screw  was  tightened  three  times  in  the 
above  order  until  no  further  tension  could  be  achieved  by 
means  of  the  Allen  wrench  used.  The  bomb  was  connected  to 
the  oxygen  filling  train,  both  valves  were  opened  and  oxygen 
was  allowed  to  flush  through  it  for  15  minutes  at  the  rate  of 
about  200  ml. /min.  Then  the  exit  valve  was  closed  •wh  the 
bomb  filled  to  30  atmospheres  over  a period  of  20  minutes. 

Meanwhile  the  constant  temperature  jacket  of  the 
calorimeter  was  being  brought  up  to  tMq>eratttre  and  adjust- 
ments made  so  that  control  to  ^ 0.002^  C.  could  be  achieved. 
Also  during  this  period  the  calorimeter  water  was  being 
brought  up  to  the  starting  temperature,  approximately  24.5®  C., 
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»ad  the  x>roper  aaount  of  water  was  being  weighed  out.  It  was 
found  that  a total  weight  of  caloriueter  and  water  of  5395.00 
gas.  filled  it  to  the  proper  point.  This  weighing  was  made 
to  0.05  ga.  on  a large  capacity  letro-^aa  balance. 

After  the  oxygen  in  the  boab  had  reached  the  proper 
pressure  the  walwes  were  closed  and  the  boab  rosoved  froa 
the  filling  apparatus  and  the  leads  attached.  The  calori- 
aeter  was  placed  in  position  in  the  Jacket,  the  boab  care- 
fully lowered  into  it,  and  the  entire  apparatus  asseabled. 
After  the  thera<Meter  had  been  put  in  place  and  the  calori- 
aeter  stirrer  started,  about  fire  ainutes  were  allowed  for 
ererythiag  to  reach  e<|ullibriua,  and  then  the  coabustlon  run 
was  started. 

The  run  consisted  of  a 20  alnute  fore  rating  i>eriod, 
a 16  ainute  reaction  period  and  a 20  aiaute  after  rating 
period'.  The  tiaes  during  the  two  rating  periods  and  the  last 
11  ainutes  of  the  reaction  period  were  deterained  by  aeans  of 
a light  iriiich  flashed  on  two  seconds  preceedlng  each  aiaute 
and  then  off  exactly  on  the  ewen  ainute.  Recordings  of  the 
galvanoaeter  deflection  and  its  zero  were  aade  after  each 
reading  and  froa  these  and  a knowledge  of  the  sensitiwity  of 
the  galvanoaeter  the  exact  resistances  on  the  even  ainutes 
were  deterained.  On  exactly  the  20th  ainute  a switch  was 
closed  aanually.  This  placed  24  volts  A.C.  across  the  firing 
wire,  which  becaae  Incandescent  and  started  the  reaction 
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from  this  point  nnd  for  tho  nozt  five  nlaatos  the 
readings  are  made  as  quickly  as  possible.  The  readings  are 
made  at  even  resistance  values  rather  than  at  even  times. 

Tiaes  vere  recorded  using  tuo  stop  vatches»  one  of  idiich  was 
stopped  as  the  galvanometer  indicated  sero  and  the  other  was 
started.  A precaution  h«re  vas  to  make  sure  that  the  stop 
watch  trtiich  had  Just  stopped  vas  set  back  to  sero  before 
the  next  reading  vas  made.  Time  vas  recorded  to  the  nearest 
0.1  second.  The  readings  vere  made  so  that  the  final  one  in 
this  period  fell  exactly  on  the  25th  minute. 

From  25  to  36  minutes  the  readings  vere  made  every 
minute,  at  which  time  the  reaction  period  vas  complete. 

During  the  after  rating  period,  from  36  to  56  minutes,  the 
readings  are  again  made  once  every  two  minutes. 

Upon  c<Mipletioa  of  the  combustion  run  the  platinum 
thermcMMter  vas  transfarred  from  the  calorimeter  to  the 
Jacket  and  its  teaq>erature  vas  recorded.  The  effect  on  the 
thermometer  of  the  very  small  fluctuations  of  the  Jacket  tmt- 
perature  vere  damped  out  by  means  of  a tube  of  water  extending 
down  into  the  Jacket,  and  into  which  the  thermometer  vas  placed. 
This  recorded  the  mean  temperature  without  the  need  of  ob- 
serving the  fluctuations  for  several  minutes  and  calculating  a 
mean  toqperature. 

During  the  time  that  the  combustion  run  vas  being 
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the  analysis  train  was  being  flashed  out  with  oxygen  and 
on  eoBpletion  of  the  eoabastlon  the  absorption  tubes  were 
weighed  to  0.02  sg.  The  bonib  was  placed  in  the  train,  the 
exit  valve  opened  and  the  contents  of  the  bosib  were  allowed 
to  escape  at  the  rate  of  200  al.  per  ainute  into  the  analysis 
train.  When  the  pressure  had  reduced  to  ataospheric,  the 
inlet  valve  was  opened  and  oxygen  was  flushed  through  the 
systea  for  one  hour  at  the  saae  rate.  The  absorption  tubes 
were  then  weighed  to  detemine  the  aaount  of  carbon  dioxide 
fomed  in  the  coabustion,  and  the  aaount  of  ineoaplete  coa- 
bustion,  if  any,  as  evidenced  by  an  increase  in  the  weight 
of  the  second  tube.  The  aaount  of  firing  wire  not  consuaed 
was  weighed  and  the  washings  froa  the  boab  titrated  with 
0.05N  WaOH.  This  eoapleted  a coabustion  run. 

On  the  next  three  pages  are  Tables  1 and  2 covering 
data  for  one  experiaent  picked  at  rand<»  froa  the  ones  that 
were  recorded  in  this  investigation.  Table  1 contains  ob- 
servations of  tine  and  resistance.  The  tiae  is  recorded  in 
the  first  eoluan.  In  the  coluan  headed  leading  are  recorded 
the  decade  values  froa  the  resistance  bridge.  The  Z coluan 
contains  the  galvanoaeter  sturo  in  ailllaeters,  and  the  D 
coluan  is  the  deflection  of  the  galvanoaeter  in  ailllaeters 
on  the  even  ainutes.  It  will  be  noticed  that  froa  20  to  25 
alnutes  the  readings  are  recorded  in  seconds  and  as  noted 
before  the  last  reading  was  taken  on  exactly  the  25th  ainute. 


24 


TABLE  1 

0B81RTATI0E8  FOB  HEAT  OF  CQIBU8TIOH  DETERHIHATIOE 


Eensitivity  » 2.5  Dlv/0.0001  ohas 

JKT 

» 28.22820 

Daoada 

Tla«  Baading  Z 

Mia.  Oluna  aa. 

D 

Raalataaca 

Ohas 

0:00 

0.0080 

>3  3/4 

0 

0.00788 

2:00 

0.0088 

/ 1/4 

0 

0.00881 

4:00 

0.0097 

0 

/ 1/2 

0.00968 

6:00 

0.0106 

0 

/2 

0.01053 

8:00 

0.0115 

0 

/3  3/4 

0.01138 

10:00 

0.0123 

0 

/2  3/4 

0.01221 

12:00 

0.0131 

0 

/I  1/4 

0.01306 

14:00 

0.0139 

0 

0 

0.01390 

16:00 

0.0147 

0 

-1 

0.01473 

18:00 

0.0156 

0 

A 1/4 

0.01556 

20:00 

0.0164 

- 1/4 

0 

0.01639 

20:10.3 

0.0174 

20:29.2 

0.0274 

20:44.2 

0.0474 

20:56.4 

0.0674 

20:68.2 

0.0874 

20:81.9 

0.1074 

20:99.1 

0.1274 

20:114.9 

0.1374 

20:128.0 

0.1474 

20:145.9 

0.1574 

20:166.9 

0.1674 

20:186.9 

0.1724 

20:204.6 

0.1774 

20:226.7 

0.1824 

20:240.1 

0.1854 

20:268.7 

0.1874 

20:288.5 

0.1874 

20:300.0 

0.1898 

/I  3/4 

-1 

0.18989 

26:00 

0.1940 

/2 

/2 

0.19400 

27:00 

0.1961 

/I  3/4 

/ 3/4 

0.19613 

28:00 

0.1973 

/I  1/2 

/ 1/2 

0.19733 

29:00 

0.1980 

/I  1/2 

A 

0.19802 

30:00 

0.1984 

/I  3/4 

A 

0.19843 

31:00 

0.1986 

/I  3/4 

-1  3/4 

0.19872 

25 


TABLE  1 — eontlau^d 


Tine 

lin. 

Decade 

Beading 

Ohss 

Z 

D 

Resistance 

Ohss 

32:00 

0.1988 

/I  3/4 

-1 

0.19889 

. 33:00 

0.1990 

/I  3/4 

/I 

0.19903 

34:00 

35:00 

36:00 

0.1991 

/I  1/2 

0 

0.19915 

0.1993 

/i  i/2 

0 

0.i^35 

38:00 

0.1995 

/I  3/4 

n 

0.19952 

40:00 

0.1997 

/I  1/2 

/2 

0.19968 

42:00 

0.1998 

/I  1/2 

0 

0.19985 

44:00 

0.2000 

/ 1/4 

/ 1/2 

0.19999 

46:00 

0.2002 

/ 1/4 

/I  3/4 

0.20015 

48:00 

0.2003 

/ 1/2 

0 

0.20032 

50:00 

0.2005 

/ 1/4 

/I 

0.20048 

52:00 

0.2006 

/ 1/2 

- 1/2 

0.20063 

54:00 

0.2008 

/ 1/2 

n 

0.20078 

56:00 

0.2009 

/ 1/4 

-1 

0.20094 

Ho  values  of 

Z and  D were 

noted  for 

this  period 

as  the  stop 

watches  wars  elieksd  as  the  isdleator  crossed  the  sero  so 
there  were  no  deflections  to  be  noted. 


Table  2 contains  the  data  covering  the  weighing  of 
the  sasple  and  the  analysis  of  the  products  of  cosbustioa. 
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TABLB  a 

AMiLTriCAL  DATA 


■.i 

Saiqple 


Capeule 

gee 

Capaule  / H* 

gee 

gee 

H* 

• l.OOllH*  a H 

0.82710 

g»i 

gee 

®^2t  

Tube  1 

Before  ............. 

. . . . .6.10130 

After 

see 

C04  

trmm 

• 0.999^2  ~ ^ ••• 

gee 

Ttib«  2 

B«for«  8.73350  gu. 

Aft«r  8.73450  gmm. 

CO  as  CO2 0.00119  smm. 


¥• 

Bafore 
After 
Used  • 


0.00760 


0.00760 


ges^ 

gee. 

gee. 


HeOH 0.60  el. 

Carbon  Hone 

Odor  Hone 

Reearks. 


• Correction  to  Taeuo 


CHAFTIR  1X1 


CALCULATI0H8  AID  EI81JLT8 

E»dttCtlon  of  D>t>. — As  hM  b«ea  Matioiiad  b«for«» 
if  th«  proper  praeautioiui  hav«  b««n  tak«n  in  th«  dnaign  of 
the  calorinotor  and  in  the  nethod  of  naking  neanurenentn , 
lewton'n  lav  of  eoolii^  vill  express  the  heat  transfer  vith> 
in  the  limits  of  experimental  «rror.  The  lav  is  stated  rery 
simply;  the  rate  of  heat  transfer  betveea  tvo  bodies  is  pro- 
portional to  the  difference  of  temperature  betveen  then.  In 
mathematical  terns: 

(1)  dT/dt  « kCTj  - Tj)  / v^ 

i^ere  T is  temperature  in  t is  time  in  minutes,  and  k 
is  the  cooling  constant  in  nin.~^. 

The  constant  term  v^allovs  for  those  factors  vhich 
are  not  dependent  on  the  thermal  head,  such  as  the  heat  of 
stirring  and  the  effect  of  eraporation. 

81nce  resistances  of  the  platinum  resistance  thermo- 
meter are  nearly  linearly  related  to  tem>eratures,  levton's 
lav  can  be  assumed  to  hold  for  them  also  and  the  above  equa- 
tion in  terns  of  resistances  can  be  vritten  as  follow: 

(2)  dl/dt  = k(l2  - Ii>  / V 

vhere  k is  the  cooling  constant  of  the  calorimeter,  and  the 
8's  are  the  resistances  in  ohms. 

'Riree  equations  can  be  vritten,  one  each  for  the 
three  periods  of  the  combust ion: 
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<S)  = k(Rj  - / w 

(4)  S,  = k(Ej  > R,)  / w 

(5)  845  = k(R^  - R44)  / w 

In  thane  eqantlons  S^q  !•  the  resist nnea  change  per 
minute  In  the  fore  period  obtained  from  the  relation 
(R20  ~ resistance  of  the  therm<»eter 

when  measuring  the  temperature  of  the  jacket.  R^o 
the  mean  resistance  during  the  fcnre  period,  which  is  the 
resistance  at  the  10th  minute.  S,.  Is  the  resistance  change 
during  the  reaction  period  and  R^  la  the  Man  resistance 
during  the  reaction  period,  both  of  which  must  be  evalu- 
ated. 844  and  R44  stand  in  the  same  relation  to  the 
after  period  as  do  the  quantities  8x0  8x0  vlth  respect 

to  the  fore  period. 

The  mean  resistance  during  the  reaction  period  Is 
found  from  the  Integral  over  the  reaction  period: 

(6)  R«  = jRdtA6 

Substituting  this  value  Into  equation  (4),  we  have: 

(7)  S,  = k(Rj  - jRdt/16)  / w 
or  rearranging: 

(8)  168,  = k<16Rj  - ^dt)  / 16w 

The  quantities  k and  w can  be  evaluated  fr<m  the 
two  rating  periods  as  follows: 

Subtracting  equation  (5)  from  equation  (3)  gives: 

(9)  8x0  - #46  = 8<8j  ~ 810)  “ h(Rj  - R46>* 
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Rearranging  and  solving  for  k gives: 

(10)  k » (Sio  - «46)/<*46  - »10> 

And  froB  equation  (5): 

(11)  w ~ 840  — k(Bj  ~ ^46^ 

Having  now  evaluated  k and  w there  renains  only 

% 

one  quantity,  1^,  to  be  found  in  equation  (4)  before  a 
solution  for  the  resistance  change  due  to  the  heat  trans- 
fer between  the  Jacket  and  caloriseter  during  the  reaction 
period  is  obtained.  This  can  be  acconpllshed  by  integrating 
equation  (6).  In  Figure  3,  p.  30,  is  plotted  t vs  1 for 
the  reaction  period.  It  is  seen  that  if  the  area  over  the 
curve  between  20  and  25  nlnutes  is  subtracted  frcm  the  shaded 
area  and  this  difference  added  to  the  area  under  the  curve 
froB  25  to  36  Binutes,  we  will  have  escactly  the  area  under 
the  curve  froB  20  to  36  Binutes  which  is  fudt. 

The  shaded  portion  is  equal  to  (t2g  - t2o)(B25  - *20^ 
the  area  over  the  curve  froB  20  to  25  Binutes  is  evaluated 
by  the  following  fonmla: 

(12)  /tdl  -g^R.t  = (Ri  - R20XT1/2)  / 

(Eg  - »i>(T2  - T^/2)  /..../ 

<*25  - *nXT300  - Tn/*> 

where  Ex,  E2>  and  E,^  are  the  first,  second  and  last  readings 
after  the  20th  Blnute  and  before  the  25th  Binutes.  Ti,  Tg, 
and  T||  are  the  corresponding  tines  in  seconds. 

This  equation  was  evolved  by  the  author  as  a nodi- 
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fication  of  tho  trapezoidal  rule  to  adapt  It  to  the  unequal 
tiae  lacrenents  vhieb  were  taken  during  this  period.  The 
area  calculated  using  It  was  checked  a nunber  of  tines  by 
plotting  and  counting  squares.  The  areas  detemlned  by 
the  two  nethods  checked  each  tine  within  experiment al  error. 

The  area  under  the  curve  trcm  the  25th  nlnute  to 
the  36th  minute  es  evaluated  by  the  following  formulas 

(13^1. nt  - <1/2  S25  / *26  *27  ^ 1/3*36) 

trtilch  Is  the  well  known  trapezoidal  rule  and  is  used  here 
because  the  tine  incrMents  are  equal. 

The  total  resistance  difference  during  the  reaction 
period  Is  I30  - the  resistances  at  the  start  and  the 
end  of  the  reaction  period.  In  order  to  find  the  resistance 
change  due  to  the  combustion  of  the  charge,  It  Is  necessary 
to  substract  from  this  quantity  the  heat  transferred  from 
the  Jacket  to  the  calorimeter.  This  latter  quantity,  as 
shown  and  evaluated  above.  Is  168^.  In  the  calculations 
as  presented  la  the  tables  of  data,  the  first  Item  on  the 
right  hand  side  of  equation  (4),  k<Bj  > B^)  Is  called  K, 
and  the  tern  16w  Is  called  U.  Then  the  corrected  resistance 
rise  Is: 

<14)  ZiBc  = *36  - *20  - * - ® 

The  corrected  resistance  rise  calculated  above  has 
several  more  corrections  that  must  be  applied  to  it  before 
It  can  be  said  to  have  any  significance  as  a measure  of  the 
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heat  liberated  by  the  coepottnds  conboeted. 

from  the  data  on  benaolc  aeld,  it  in  possible  to 
calculate  a rough  9nmrgj  equivalent  for  the  calorlneter 
systen.  Using  this  rough  value  ve  can  then  translate  the 
heat  added  by  the  firing  wire  and  the  fomation  of  nitric 
acid  into  resistance  units  of  the  platinum  thexmometer  used, 
lef erring  to  Table  3,  p.  34,  we  see  that  bensoic  acid  has 
a corrected  resistance  rise  of  0.050109  ohm/gm.  of  carbon 
dioxide  formed.  This  is  equal  to  0.12640  ohm/gm.  of  acid 
burned.  The  accepted  value  for  the  heat  liberated  per  gram 
of  acid  burned  is  26,433.8  int.  J./ohm.^^*^^*^^  From  these 
values  it  is  easy  to  calculate  that  it  takes  209,097  int. 

J.  to  raise  the  resistance  of  the  thermometer  1 ohm. 

Ibe  heat  added  to  the  system  by  the  ecmbustion  of 
the  firing  wire  was  taken  to  be  7.5  Ij./gm.^^  Therefore, 
the  correction  to  be  subtracted  from  the  value  of  dgc  cal- 
culated above  was^i  - (7.5xgms. 'wire  burned X1000)/209, 097. 

The  heat  added  to  the  system  by  the  formation  of 
nitric  acid  from  its  elements  wmm  taken  to  be  57.8  KJ./mole,^^ 
The  correction  to  be  subtracted  for  its  fomation  is  therefore: 
orn  » (ml. xHx57. 8) 7209,097 

when  g is  the  TOrmality  of  the  NaOH  used.  When  these  cor- 
rections have  been  applied,  a value  of  the  resistance  change 
per  gm.  of  carbon  dioxide  formed  is  calculated.  These  values 
together  with  the  significant  steps  in  the  calculations  are 
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listed  in  Tables  3 through  9,  pp.  34  through  40.  Tor  a 
sore  coiq>lete  tabulation  of  the  steps  in  the  ealoulations 
see  Tables  17  through  23,  pp.  78  through  85. 

lednction  to  ttandard  Conditions. — ^The  calculations 
and  discussion  up  to  this  point  hare  considered  the  process 
that  is  taking  place  in  the  bonb  at  the  conditions  prsTall* 
lag  there.  A aore  useful  thersodynaaic  quantity  is  the  heat 
released  idien  the  reactants  and  products  are  in  their  standard 
states  at  a chosen  teap«rature.  The  final  teiqperature  vas 
taken  to  be  86.5^  C.,  and  the  heat  of  reaction  was  calcu- 
lated at  this  temperature.  The  standard  states  of  solids 
and  liquids  are  taken  to  be  pure  solid  or  liquid  at  a pres- 
sure of  one  atnosphere  and  at  any  chosen  temperature.  Gases 
are  considered  in  their  standard  states  at  zero  pressure. 

The  initial  states  of  the  reactants  in  the  b<wb  at 
a tmperature  of  26. 5*^  C.  are  as  follows: 

A.  — ^A  gaseous  phase  consisting  of  oxygen,  a snail 
amount  of  nitrogen,  and  water  wapor  at  pressure  pi. 

B.  — A liquid  phase  consisting  of  the  sample,  at 
a pressure  p]^. 

C.  — A liquid  phase  consisting  of  water  with  oxygen 
and  a snail  amount  of  nitrogen  dissolved  is  it.  The  ener- 
gy of  solution  of  the  oxygen  and  nitrogen  are  negligible 

so  the  phase  can  be  considered  to  be  n*  noles  of  pure  water 
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TABLl  3 

DATA  Oil  BIHZOIC  ACID 
lzp«rlB0at  Mus  of 


Nxmbor 

CO2 

k 

K 

•Imp 

U 

oluui 

All 

okas 

1 

4.04519 

0.00179 

0.00013 

0.00032 

0.00022 

2 

3.97604 

0.00178 

0.00215 

0.00039 

0.00021 

3 

3.74097 

0.00178 

0.00222 

0.00041 

0.00021 

4 

3.76588 

0.00173 

0.00130 

0.00057 

0.00022 

S 

3.78400 

0.00179 

0.00128 

0.00047 

0.00016 

IzperlBent 

Deviation 

Koabar 

^®n 

AMe/^2 

of 

ohas 

lean 

1 

0.00003 

0.50113 

/O. 00007 

2 

0.00004 

0.50113 

/O. 00007 

3 

0.00000 

0.50093 

-0.00013 

4 

0.50112 

i4). 00006 

5 

0.00002 

0.50092 

-0.00010 

Mean 

0.050105 

Standard  Deriatlon 

of  the  Mean 

!!!o. 000010 
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TABLX  4 

DATA  OV  ()-PIinill 


IzperiMat 

Huabar 

■ass  of 
CO2 
g«». 

k 

JLs 

V 

okas 

ohas 

1 

2,77750 

0.00183 

0.00270 

0.00045 

0.00027 

2 

2.80456 

0.00175 

0.00462 

0.00059 

0.00025 

3 

2,68308 

0.00102 

0.00196 

0.00059 

0.00027 

4 

2.83760 

0.00192 

0.00060 

0.00047 

0.00027 

5 

3.06250 

0.00193 

0.00128 

0.00034 

0.00027 

6 

2,84102 

0.00187 

0.00141 

0.00066 

0.00021 

■xperiaeat 

■amber 

A*a 

ohas 

Deriatioa 

of 

■eaa 

1 

0.00000 

0.067488 

/0.000015 

2 

0.00000 

0.067492 

/O. 000019 

3 

0.00001 

0.067488 

/O. 000015 

4 

0.00002 

0.067451 

•4). 000022 

5. 

0.00001 

0.067451 

-0.000022 

6 

0.00001 

0.067469 

-0.000004 

■eaa 

0.067473 

Staadard  Deriatioa 

0 

6 

^0.000019 

I 
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TIBLI  5 

DATA  Qir  MTBcnrs 


lzp«riBeBt 

Ifuaber 

■as8  of 
CO, 

fM. 

K 

critaw 

D 

OlUHl 

ohm 

1 

3.03047 

0.00181 

0.00136 

0.00057 

0.00037 

3 

3.66890 

0.00184 

0.00153 

0.00045 

0.00037 

3 

3.83050 

0.00181 

0.00169 

0.00036 

0.00035 

4 

3.73633 

0.00178 

0.00196 

0.00058 

0.00037 

5 

3.17430 

0.00183 

0.00166 

0.00060 

0.00019 

lxp«rlMnt 

Ifinib«r 

^R,/00a 

Derlatloa 

of 

OlHM 

lean 

1 

0.00003 

0.067695 

-0.000014 

3 

0.00001 

0.067709 

0.000000 

3 

0.00003 

0.067719 

1^.000010 

*4 

0.00001 

0.067734 

/O. 000019 

5 

0.00001 

0.067700 

-0.000009 

Mean 

0.067709 

Standard  Oariatioa  of  loan 

do.ooooi3 
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TABLl  6 


DATA  OM  ALLO-OCmBn 


Ixperlmoat 

Diuber 

Mass  of 

CO2 

gM. 

mla.  ^ 

E 

ohaui 

V 

oloui 

ohm 

1 

2.72452 

0.00189 

0.00188 

0.00037 

0.00020 

1 

2.98010 

0.00180 

0.00114 

0.00044 

0.00027 

3 

3.17092 

0.00184 

0.00064 

0.00038 

0.00027 

4 

3.36110 

0.00183 

0.00083 

0.00032 

0.00027 

5 

2.71720 

0.00176 

0.00155 

0.00038 

0.00022 

Izparijieat 

Ifuabar 

ohas 

Dariatloa 

of 

■nan 

1 

0.00001 

0.067290 

>0.000003 

2 

0.00003 

0.067286 

>0.000006 

3 

0.00001 

0.067299 

/O. 000007 

4 

0.00002 

0.067332 

/O. 000037 

9 

0.00002 

0.067260 

-0.000033 

M«aa 

0.067293 

Standard  Darlatioa 

of  Moan 

fo. 000029 
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TABLE  7 


DATA  cat  «<>PIR1EI 


Experiaent 

Euaber 

Mass  of 

COj, 

gM. 

aln.”^ 

I 

oBaa 

0 

ohaa 

ohaa 

1 

2.89466 

0.00185 

0.00244 

0.00046 

0.00019 

2 

2.97137 

0.00184 

0.00204 

0.00094 

0.00022 

3 

3.18004 

0.00181 

0*00211 

0.00039 

0.00024 

4 

3.95890 

0.00183 

0.00090 

0.00049 

0.00027 

5 

3.48047 

0.00185 

0.00087 

0.00062 

0.00027 

Ezpariaaat 

Eomber 

ohaB 

ABe/«>8 

Doviatl<m 

of 

Maaa 

1 

0.00001 

0.067392 

/O. 000015 

2 

0.00001 

0.067382 

/O. 000005 

3 

0.00001 

0.067368 

-0.000009 

4 

0.00002 

0.067369 

-0.000008 

5 

0.00003 

0.06/S72 

-0.000005 

lean 

0.067377 

Standard  Dariatlon 

of  Mean 

do. 000010 
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TABLI  8 

DATA  OK  LJWOKm 


Sxperljient 

Mfoaber 

■am  of 

coa 

gM. 

k 

E 

OhM 

0 

OkM 

^Ri 

ohmm 

1 

8.09989 

0.00182 

0.00080 

0.00042 

0.00027 

2 

8.24917 

0.00176 

0.00112 

0.00054 

0.00027 

8 

8.54780 

0.00191 

0.00069 

0.00027 

0.00027 

4 

8a2580 

0.00196 

0.00180 

0.00024 

0.00027 

IxporlMat 

Eoaber 

ohmi 

Deriatlon 

of 

loan 

1 

0.00008 

0.067008 

/O, 000010 

2 

0.00008 

0.066988 

-0.000010 

8 

0.00008 

0.066999 

/O. 000001 

4 

0.00008 

0.066998 

0.000000 

H«an 

0.066998 

Standard  DaTlatloa 

of  Moan 

2^.000008 
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TABU  9 


DATA  OH  DIPBHTIHE 


Ezperlnent 

Hoabor 

■ass  of 

coa 

SM. 

k .1 
■in.  ^ 

E 

oluaa 

0 

OhM 

olaa 

1 

3.4193 

0.00183 

0.00105 

0.00022 

0.00027 

8 

3.4605 

0.00177 

0.00018 

0.00038 

0.00027 

3 

3.45355 

0.00181 

0.00117 

0.00046 

0.00025 

B3q»erlMiit 

Himber  ^^S,|  ^B^/C02 

OhM 


D«Tiatioa 

of 

Hoan 


1 

2 

3 


0.00003 

0.00003 

0.00003 


0.066958 

0.066961 

0.066975 


-0.000007 


•T'l'I'ir 


yo. 000010 


Heui 


Standard  OaTiatioa  of  Haan 


0.066965 

^0.000009 
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at  a praaaura  of  pj  ataospharaa* 

Tho  stataa  of  tho  aubstaneos  la  tho  boiri>  after  the 
eoBbttetion,  all  at  a tenperatm  26.6®  C.,  are  as  follows) 

phase  eoBsistiag  of  a mixture  of  oxygen, 
nitrogen  (negligible  for  compounds  not  containing  nitrogen), 
carbon  dioxide,  and  water  vapor  at  pressure  p^*  The  water 
vapor  will  be  considered  separately,  and  the  oxygen,  the 
nitrogen,  and  the  carbon  dioxide  together. 

E.— A liquid  phase,  at  pressure  pj,  consisting  of 
an  aqueous  solution  of  nitric  acid  containing  dissolved  car- 
bon dioxide,  oxygen,  and  nitrogen.  The  amounts  and  energies 
oi  the  oxygen  and  the  nitrogen  can  again  be 
ignored,  but  the  amount  and  energy  of  solution  of  the  car- 
bon dioxide  must  be  considered. 

In  order  to  calculate  the  difference  in  energy 
between  the  bomb  process  and  the  standard  reaction,  the  fol- 
lowing quantities  must  be  evaluated: 

1. — The  change  in  energy,  of  r^  moles  of 

oxygen  from  sero  pressure  to  p^^  ntm. 

This  is  calculated  from  a knowledge  of  the  Joule- 
Th<Mq>oon  Coefficient  and  the  heat  capacity  of  oxygen  by 
means  of  the  formula:  (dH/dP)^  = -uCp 

ouj^  a -6.57p2^r|^ 

2.  ^The  change  in  energy  of  a mixture  of  T2  moles 
of  oxygen,  S2  moles  of  nitrogen,  and  qg  moles  of  carbon 
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dioxide  froB  P2  to  zero  preesure.  This  Is  evaluated  la  the 
»■  the  quantity  above  and  the  equation  at  Tf  ■ 26.5® 

C.  Is: 

AUj  = (6.5722  ^ «.01S2  ^ *8*7Q2  - II.IQ2I2) 

* P2^^2  ®2  ^ ^2^ 

where  B2  = r2/(r2  / Sj  / q2>  la  the  sole  fraction  of  the 
oxygen,  82  of  the  nitrogen,  and  Q2  that  of  the  carbon  dioxide. 
82  will  be  negligible  for  non-nitrogen  coapounds. 

3. — The  energy  of  condensation  of  (^2  - *1)  aoles 

of  water: 

0U3  = -41480  (ni2  - ai) 

i^ere  m2  Is  moles  of  I2O  after  combustion  and  m^  Is  moles 
of  H2O  added  before  combustion. 

4. — The  energy  of  vaporisation  of  q^  moles  of  car- 
bon dioxide  from  moles  of  water. 

^^u^  = 16900q^ 

where  16900  is  the  negative  of  the  heat  of  solution  of  one 
mole  of  carbon  dioxide  In  enough  water  to  produce  a satur- 
ated solution. 

5.  —The  difference  la  energy  of  the  liquid 
at  one  atm.  and  approximately  30  atms.  is  negligible. 

6.  --The  differences  In  the  energy  of  m*  moles  of 
liquid  water  at  30  atms.  and  at  one  atm.|  b;i  moles  of  gaseous 
water  at  p|^,  the  partial  pressure  of  the  water  and  at  zero 
pressure;  m^  moles  of  liquid  water  at  one  atm.  and  30  atms.; 
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and  m2  molmm  of  ganoons  water  at  sero  pressure  and  atss. 
are  negligible* 

7*— 'Effect  of  nitric  acid  on  the  rapor  pressure  of 
the  water  and  the  energy  of  dilution  of  the  nitric  acid  by 
the  water  (the  walne  57.8  IJ./aol.  is  considered  to  apply) 
is  neglected  for  these  conpounds  as  they  do  not  contain  ni- 
trogen. 

The  corrections  described  abore  were  calculated  on 
the  basis  of  a sanple  weight  of  0.93000  gs.  and  a final  tes- 
perature  of  36.9^  C.  These  ralues  were  subtracted  from  the 
heat  liberated  in  the  eosbustion  process.  Thus  are  obtained 
▼alues  of  the  heats  of  eosbustion  at  constant  woluse  and 
36.5®  C.  as  shown  in  Table  10,  p*  48* 

The  heat  of  eosbustion  of  bensoie  acid  reported  in 
the  literature  has  been  corrected  to  standard  conditions 
and  35®  C.  It  is  necessary,  therefore,  to  oonrert  that  ralue 
to  the  conditions  that  i4>ply  in  the  ezperisents  before  it  is 
used  to  calculate  the  energy  equiwalent  of  the  ealorlseter. 
This  entails  applying  the  above  corrections  in  reverse  to 

>f*Poyted  value  of  the  heat  of  eosbustion  of  benzoic 
acid. 

The  accepted  value  of  the  heat  if  eosbustion  of 
solid  benzoic  acid  at  85®  C.  and  one  ats.  is  36433.8  - 3.6 
J./gs.^®»^^»^®  When  this  is  corrected  to  bosb  conditions 
of  36.5®  C.  and  30  atss.,  it  becoses  36433.4  ^ 3.6  J./gs. 
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Using  this  Tsltts  vs  esn  sow  enleslsts  a eorrsot  sn- 
ergy  sqnivalsat  for  the  ealorisstsr.  Bsfsrriag  to  Tabls  3, 
p*  34,  vs  sso  that  ths  bsnsole  acid  causss  a rlss  in  ths  rs- 
sistaaes  of  ths  pXatlma  thsrsosstsr  of  0.050105  ohas/gst. 
carbon  diozlds  forssd.  Dividing  this  noaber  into  ths  eoz*- 
rsetsd  valas  of  ths  hsat  of  ocmbiistioa  of  bsnzoie  acid  givsn 
in  ths  last  paragraph,  vs  gst  tor  ths  corrsetsd  snergy  squi- 
▼alsat  of  ths  ealoriastsr,  aftsr  including  a tsra  to  convert 
froB  gas.  of  carbon  dionids  to  bsnsole  acid,  209050  ^ 18  j./ga. 

In  order  to  calculate  ths  hsat  liberated  in  ths  boab 
process  for  ths  eonpounds  investigated,  ths  corrsetsd  resist- 
ance rise  for  ths  eoapound  vas  anltipllsd  by  ths  energy  equi- 
valent of  ths  ealoriastsr  and  a factor  to  convert  froa  gas. 
of  carbon  dioxide  to  gas.  of  saapls.  Aftsr  this  value  vas 
obtained  it  vas  corrected  by  ths  asthods  outlined  above  to 
standard  conditions  and  35^  C.  These  calculations  are  given 
in  detail  belov. 

Calculations  for  the  Eeduetion  to  Standard  Conditions, 
Initial  pressure  = 30  atas.  Saapls  veight  = 0.92000  ga. 

Boab  voluae  = 388  al.  Ty  Z 26.5®  C. 

Huaber  of  aoles  of  oxygen  in  boab  at  initial  pressure} 

Ti  - (30  X 0.386)/<299.5  x 1.982)  > 0.470  aoles 

Then: 

oui  a -6.75  X 30  X 0.470  = -92.64  J. 

The  number  of  aoles  of  carbon  dioxide  foraed  in  the  combust ion. 
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Q2f  is  where  is  the  nimber  of  soles  of  ssiq>le 

burned  and  10  is  the  nusber  of  at(»ui  of  earbos  dioxide  is 
one  solecule  of  the  sssple* 

qa  a (10  X 0.93000)/lS6.33  « 0*0739  sols. 
r2*  the  nusber  of  soles  of  oxyges  is  the  bosb  after  the 
ccmbttstiOB  is  equal  to  ri  sisns  the  nusber  of  soles  of  car- 
bon dioxide  forsed* 

r3  ■ ri  - 0.0739  = 0,897 

The  Toluse  in  the  bosb  after  the  oosbustion,  •qubls  the 
bosb  Toluse  sinus  the  water  forsed  in  the  cosbustion  and 
the  water  originally  in  the  bosb. 

?2  > ▼ - 0.001  - 0.018  X 8 X 0.0739  = 0.386  1. 

P2>  pressure  in  the  bosb  after  the  CMdrastion  is» 

P3  = (82  / Q2)(BT)A2  = 38.93  atss. 

82 > the  sole  fraction  of  oxygen  in  the  bosb  after  the  cos- 
bust  ion  is, 

83  * T2/{t2  / qg)  * 0.®44 

and  Qg,  the  sole  fraction  of  carbon  dioxide  in  the  bosb  after 
the  cosbustion  is, 

Q3  ■ qa/('3  / Qa)  * o.ise 

Then, 

= (6.57  X 0.844)  / (38.75  x 0.156) 

- (11.1  X 0.133)  X 39.93  x 0.470 
= / 130.40  J. 

■1,  the  asount  of  water  vapor  in  the  bosb  before  the  cosbustion 
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Is, 

« C14.0  / 0.043  z S0)10~^  z 0.386 
“ 0,00059  aols. 

tbs  sstoont  of  vstsr  vapor  is  tbs  bosA>  sftsr  tbs  ecMi- 
bastion  Is, 

= (14.0  / 0.043  z 0.21  z 0.156  z 29.92)10**^ 
z 0.386  = 0.00063 

Tbsn, 

AOj  * >41480<B2  “ «i)=  -1.50  J. 
tbs  szoont  of  esrbon  dlozlds  dlssolvsd  In  tbs  vstsr  In 
tbs  boab  sftsr  tbs  eosibastios  is, 

s 5.26  z 6.3  z 10*^  z 29.92  z 0.156 
• 2.7  z lO*^  aolss 

Tbsn, 

OU4  » 16900  z 2.7  z 10"^  = / 4.56  J. 

In  sddition  to  tbsss  eorrsotions,  s dscrsasat  in 
snsrgy  to  eonvsrt  to  bsst  of  eoabastion  st  eonstsnt  prsssurs 
vast  bs  sllovsd  for  tbroofb  tbs  rslstiost 
AH<,(p)  * - onlT 

i^ksrs  n is  tbs  ebsngs  is  tbs  noabsr  of  aolss  of  gsssous  pro- 
ducts snd  rssetsnts  in  tbs  boab  procsss 
An  * b/4 

vbsrs  b is  tbs  noabsr  of  stoas  of  bydrogsn  is  ons  aolsoals 
of  tbs  ssapls  (in  this  csss  16), 

Tbsn, 
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^He(p)  = - 4tT  « - 2.374  Keal./aol.  ? 

Another  tern,  POT,  should  be  subtrsetsd  to  allow  for 
ths  Chang#  in  yoIub#  of  th#  solid  or  liquid  products.  In 
this  cas#  It  Is  negligible  since  the  sase  YOluae  of  water 
Is  forsed  as  sasple  burned  In  the  cosbustlon. 

In  Table  10  are  glren  walues  of  the  heat  released 
la  the  bosb  process,  called  Q;  then  Talues  of  the  heat  of 
cosbustlon  at  constant  Yoluse  and  36. C.  Rent  are  glren 
the  heats  of  cosbustlon  at  constant  pressure  36.5^  C«, 
and  finally  the  heats  of  cosbustlon  at  25^  C.  as  calculated 
froB  the  relation, 

C.)  :;oRe(26.S<’  C.)  /OCpOT 

where ^Cp  Is  the  difference  In  the  heat  capacity  of  the  pro- 
ducts and  the  reactants* 

^Cp  « CpCOO,)  / Cp(HaO)  - Cp(CioHl6> 

Lacking  precise  data,  the  heat  capacity  of  the  C;|^qRj^0  was 
^•ken  to  be  99.6  Real ./sol An  Investigation  now  In  pro— 
RJf®*s  In  this  laboratory  should  provide  precise  values  of 
the  heat  capacities  of  these  co^;K>unds  la  the  near  future 
and  peralt  a recalculation  of  the  correction  to  25®  C.  If  con- 
sidered necessary.  It  im  thought,  however,  that  the  values 
will  probably  be  near  to  the  one  given  here  and  due  to  the 
ssallness  of  the  correction  a recalculation  will  not  be  neces- 
sary. 

The  value  of  Cp  for  liquid  water  was  taken  to  be  18.0 
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eal./aol.  and  Cp  for  gaseous  earbon  dioxide  taken  to  be  8.68 
cal. /sol.*® 

Then, 


^H(p)jjO  = <^B(p)2q^50  - 0.265  Kcal./sol.  ^ 
TABUe  10 


TALU18  OF  THl  BEATS  OF  COMBOSTlOir 


/ 


CoiqKmnd 

Q 

J./gs. 

^^Hy(26.5<^C.) 
Seal. /sol. 

AHp  (25<>C.) 
Ecal./sol. 

p -pinene 

45567.8 

^ 8.6 

1482.0 

^.28 

1485.4 

^.34 

Mjrrcene 

45729.1 

^ 4.6 

1488.2 

^.14 

1490.7 

^.24 

Allo-ocisene 

45448.1 

^11.3 

1479.0 

^.36 

1481.5 

^.43 

-pinene 

45503.0 

^ 4.5 

1480.8 

^.15 

1483.3 

^.25 

Dlpentene 

45247.8 

!f4.1 

1472.5 

^.13 

1475.0 

^.24 

d-Lisonene 

45225.2 

^ 3.6 

1471.7 

^.11 

1474.2 

^.27 

The  uncertainties  in  the  last  colusn  of  Table  10  were 
obtained  from  the  square  root  of  the  sus  of  the  squares  of 
the  uncertainty  in  the  calorisetric  obserrations,  the  uncer- 
tainty in  the  energy  equiTalent  of  the  caloriseter,  a 0.01 
percent  uncertainty  in  the  reduction  to  standard  conditions, 
and  an  uncertainty  in  the  purity  of  the  saaple  where  neces- 
sary. (See  p.  62) 


CH4PTE1  IT 

SOOICS  AID  PUlITT  OP  THl  COVPODIDS 

Th«  and  th«  p -pinrae  aaad  in  this  liiTMti- 

gation  vara  obtalnad  from  Tha  Gliddan  CcMapany  of  Jaekaon- 
Tilla,  Florida.  Thar  vara  porifiad  by  a fraotioaal  distil- 
latioa  through  a 130  plata  eolnsn  of  tha  Laeky-lvall  typa 
at  raduead  praasora.^^  Tha  purifiad  o<.piBana  had  a rafrac- 
tira  indaz  of  1.4631  at  C,  and  tha  ^-pinaaa  had  a ra- 
fraetiva  indaz  of  1.4768  at  25^  C. 

J^iaonana  vaa  obtalnad  froa  **Strlppar  Oil**,  an 
aztraet  of  oranga  paal,  through  tha  eourtasy  of  tha  Minuta- 
laid  Corporation  of  Plyaouth,  Fl<Nrida.  It  van  earafully 
fraetionatad  and  tha  purifiad  eoapouad  had  a rafraetira 
indaz  of  1.4701  at  35^  C. 

lyreana  vaa  obtalnad  froa  Tha  Gliddan  Coapany  of 
Jacksonrilla.  Aftar  earaful  fraetionation  tha  eoapound  had 
a rafraetira  indaz  of  1.4680  at  25^  C. 

Allo-oeiaana  and  dipantane  vara  obtalnad  fr<Mi  tha 
vapor  phaaa  pyrolysis  of  <^-pinana.^^  Aftar  purification  by 
fractional  diatillatioa,  thay  had  rafractiva  Indlcas,  at  35® 
C.,  of  1.5420  and  1.4701  raapactivaly. 

‘ni*  rafraetlvo  indlcas  raportad  above  chack  thoaa  ra- 

23 

portad  in  tha  litaratura.  Hovavar,  as  a furthar  chack  on 
thalr  purity,  soaa  fraasing  point  curvaa  vara  obtalnad. 

Thaaa  curvaa.  togather  vith  tha  azparia»ntal  procadura  and 
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th«  Mthod  of  •stiMtins  tho  purity  will  now  bo  dlseusood. 

According  to  the  phnso  rolOf  m pure  liquid  at  con- 

9 

atant  inroasuro  vill,  ^on  the  second  phase  starts  crystal- 
lising out,  hare  no  degrees  of  freedost.  This  eeans  that  the 
tmiperature  of  the  systea  sust  reaaia  constant  until  the  li- 
quid phase  has  cospletely  disappeared.  An  ispure  liquid,  on 
the  other  hand,  has  no  such  restriction  and  the  tenperature 
is  al loved  to  drop  during  the  process  of  freesing.  When  the 
liquid  contains  an  iiQmrity,  if  the  assnaptioa  is  nade  that 
the  i^rarity  renains  in  the  liquid  phase,  that  phase  becoaes 
progressively  aore  iapure  as  crystallisation  proceeds.  Froa 
siaple  theraodynaalc  considerations  it  follova  that  as  a li- 
quid becoaes  aore  ii^mre,  the  freesing  point  progressively 
decreases.  The  else  of  the  depression  in  the  freesing 
point  in  relation  to  the  fraction  crystallised  is  a aeasure 
of  the  quantity  of  liqmrity  present.  If  soae  siiq>lifying 
assuaption  is  aade  or  if  the  iapurity  is  in  such  saall  con- 
centration that  the  systea  behaves  ideally,  it  is  possible 
to  estiaate  the  aaount  of  iapurity  froa  the  aeasured  freesing 
point  lovering. 

Ksperiaental  Procedure. — ^The  saiq;>le,  vhose  purity  vas 
to  be  deterained,  vas  placed  in  a saall  double  vailed  frees- 
ing point  tube.  The  tube  vas  equipped  vlth  a reciprocating 
stirrer  ox>erating  at  120  strokes  a ainute.  Teaperature 
aeasuroMnts  vers  aade  vith  the  saae  apparatus  used  in  the 
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ealorlBetrlc  neamreaents,  axeapt  that  a glam  aaelosad, 
round  platlnua  theraoMter  waa  osad  Instaad  of  tho  flat, 
setal~onolo8od  ono,  Tha  aanaltirity  of  tha  tharaoaatar  ay- 
atea  waa  aneh  that  tha  tai^paratura  ooald  ba  raad  to  0.0005 
dagraaa.  An  axparlaant  van  parforaad  aa  follova: 

Tha  fraaaing  point  tnba  vaa  praparad  by  earafnlly 
waahing  it  and  drying  with  nltrogan.  It  waa  plaoad  In  poal- 
tlon  with  tha  atlrrar  eantarad  la  tha  Inalda  tuba.  Tha 
thamcmatar  waa  aupportad  la  poaltlon  In  tha  cantar  of  tha 
tuba  by  aaana  of  a cork,  which  alao  had  holaa  to  adalt  tha 
atlrrar  and  to  prowlde  an  opanlng  through  which  tha  aaapla 
could  ba  aaadad  to  Induea  cryatalllsatlon.  Aftar  tha  appar- 
atua  had  baan  aaaaablad  It  waa  fluahad  out  with  altrogan  for 
15  to  ao  Blnutaa  and  than  tha  cooling  bath  waa  plaoad  In  poal- 
tlon around  tha  fraaaing  point  tuba.  A 50  al.  aaapla  waa  pl- 
pattad  Into  tha  tuba  with  tha  altrogan  at 111  flowing.  Tha 
flow  of  dry  altrogan  waa  continuad  during  tha  antira  aaqparl- 
maat.  Thin  aecoapllahad  two  purpoaea.  Flrat,  It  protactad 
tha  aaapla  frcai  tha  action  of  oz^ran  In  tha  air,  and  aaeondly. 
It  kapt  ataoapharlc  water  wapor  from  eondanaihg  In  tha  aam>la 
and  tharaby  coat aalaat lag  It. 

Tha  atlrrar  waa  atartad  and  tha  aaapla  allowad  to  cool 
down  to  wlthla  tan  dagraaa  of  tha  fraaaing  point.  At  thin 
tlaa  a wacuua  pu^;>,  which  waa  connaot^al  to  the  annular  apaca 
batwaan  tha  walla  of  tha  fraealag  point  tuba  waa  atartad, 


52 


this  space  partially  svaeuatsd.  Tkis  slowed  the  heat  trans- 
fer between  the  sanple  and  the  cooling  bath  down  to  a point 
where  the  sanple  would  crystallise  sufficiently  slowly  to 
naintain  equilibrium,  nie  amount  of  ewacuation  was  waried 
so  that  the  temperature  change  of  the  saiq>le  would  be  about 
one  degree  per  minute  in  the  neighborhood  of  the  freesing 
point. 

At  about  fiwe  degrees  above  the  freesing  point  read- 
ings of  temperature  and  time  were  started  and  taken  approsi- 
*htely  every  two  minutes.  Vhen  the  freesing  point  was  reached 
crystallisation  was  induced  in  the  sample.  This  was  done  in 
one  of  the  following  ways.  When  liquid  nitrogen  was  being 
used  as  a cooling  bath  a small  metal  rod  was  iMsersed  in  the 
nitrogen  and  then  immediately  transferred  to  the  sample.  This 
lowered  the  temperature  in  the  immediate  vicinity  of  the  rod 
and  formed  some  crystals  there,  lAich  induced  the  freesing 
process.  When  solid  carbon  dioxide  was  used  as  a cooling  bath 
some  crystals  were  prepared  separately  and  introduced  on  the 
coiled  end  of  a thin  wire.  These  crystals  were  obtained  by 
cooling  a sample  of  the  compound  to  the  point  where  it  would 
®^*'^*m**.  Since  they  supercool  greatly  an  ordinary  bath 
of  solid  carbon  dioxide  did  not  suffice  to  solidify  them. 

For  this  reason  the  following  device  was  used.  The  sample 
was  placed  in  a tube  in  a bath  of  solid  carbon  dioxide.  A 
smaller  tube  containing  powdered  solid  carbon  dioxide  was  in- 
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Mrsed  iB  th«  8Mq>l«  and  thla  flaallar  tub#  placed  under  re- 
duced pressure.  This  levered  the  tei^erature  sufficiently 
so  that  crystals  were  fomed  vhich  could  then  be  kept  inde- 
finitely in  an  ordinary  solid  carbon  dioxide  bath. 

After  recorery  fron  supercooling  vas  coq;)lete,  read- 
ings of  the  tine  and  t«q»«rature  were  takm  approziaately 
every  ninute  until  the  stirrer  started  lalx^iag  heavily  at 
vhich  tine  the  Mperinent  vas  cosplete.  The  cooling  bath  vas 
renoved  and  the  sanple  alloved  to  vam  up  until  all  the  cry- 
stals had  Belted. 

Then  using  a snail  pipette  graduated  to  0.1  nl.,  a 
knovn  anount  of  inpurity  vas  added  to  the  sample  and  the 
sane  curve  vas  run  again  under  sinilar  conditions. 

gstination  of  the  Anount  of  Iipurity.— Due  to  sev- 
eral factors,  the  estination  of  the  anount  of  inpurity  is 
subject  to  rather  large  uncertainties.  In  the  first  place, 
of  the  conpounds  investigated,  four  of  then,  o<-pineae, 
pinene,  d-linonene,  and  dipenteae  are  optically  active.  It 
is,  therefore,  proposed  that  the  optically  active  isoners  are 
not  honogeneous  vith  respect  to  cryoscopic  neasurenents.  One 
optically  active  isoner  vill  act  as  an  inpurity  in  the  other, 
or  if  a racenic  eonpound  is  fomed,  an  excess  of  one  or  the 
other  is<»er  vill  act  as  an  ii^rarity  in  the  racenic  con- 
pound.  Also,  tVD  of  the  conpounds  investigated,  allo-ocinene 
and  nyreene,  are  not  optically  active  but  nay  exist  as  geonet- 
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rle  IflCMMrs,  on«  of  whieh  will  act  as  an  liqmrity  in  tha 
other  with  respect  to  cryoseopio  neasurmMnte.  Another  ob- 
stacle in  the  path  of  accurate  seasurMents  is  the  fact  that 
the  conpounds  do  not  crystallise  well.  As  a natter  of  fact, 
it  was  inpossible  to  induce  crystallisation  in  ayrcene  down 
to  liquid  nitrogen  temperatures  and  therefore  it  could  not  be 
investigated  for  purity  by  this  aethod.  However,  the  behavior 
of  the  conpounds,  excepting  nyrcene,  at  their  freesing  points 
together  with  data  on  the  rotatory  pow«r  of  the  particular 
conpound  investigated  allows  a fairly  good  estiaation  of 
the  purity. 

The  aethod  of  estiaatiag  the  aaount  of  iiqrarity  was 
as  follows!^ 

If  the  systea  behaves  ideally  then  the  aaount  of  de- 
pression with  a given  aaount  of  solvent  crystallised  is  pro- 
portional to  the  aaount  of  inpurity  present  in  the  saaple. 

In  this  aethod,  two  curves  are  run;  one  on  the  pure  naterial 
and  another  on  the  naterial  with  a known  aaount  of  inpurity 
in  it.  Then,  designating  the  freesing  earve  of  the  pure  na- 
terial as  (I),  and  the  deliberately  contaaineted  saim>l>*  as 
(II),  we  can  write  the  following  relation: 

^Ti/ATji  = X/U  / A) 

where  i^T|  is  the  temperature  difference  between  two  appro- 
priate points  on  curve  (I)  and  ^Tjj  is  the  tenperature  dif- 
ference between  two  points  on  curve  11,  each  difference  cor- 
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r«Bpoiidiiig  to  tho  umam  fraction  of  naterlal  erystallisod. 

X is  the  aaonnt  of  li^purlty  la  the  **jmre**  eaiqple  and  A is 
the  asouat  of  coat aalnat ion  deliberately  added. 

Xa  actual  practice  the  cooling  curves  are  plotted 
and  the  time  that  freesiag  uould  have  started,  tQ,  is  found 
by  extrapolating  the  equilibrium  portion  of  the  curve  back 
to  the  cooling  curve  for  the  liquid.  Then  assuming  that  the 
rates  of  crystallization  are  the  same  in  both  cases,  tso 
points  on  each  curve  are  chosen  at  equal  times  frcmi  Iq,  making 
sure  that  they  fall  on  the  portion  of  the  curve  after  recovery 
from  supercooling.  The  temperature  difference  between  the 
two  points  on  each  curve  give  the  values  of  6Tj  and  ATjj. 

The  amount  of  iiqrarity  A,  is  known  and  X,  the  amount  of  im- 
purity in  the  original  sample,  can  be  calculated.  This  method 
has  some  advantages  over  others  in  use,^^  in  that  a knowledge 
of  the  heat  of  fusion  is  not  needed  and  it  is  not  necessary 
to  know  explicitly  the  fraction  of  the  sample  crystallised  at 
any  one  time.^^  On  the  other  hand  it  has  the  very  great  dis- 
advantage that  a carefully  purified  sample  is  deliberately 
rained  to  get  the  data.  Fortunately,  in  this  investigation 
sufficient  quantities  of  the  materials  were  on  to  allow 
such  prodigal  methods. 

Listed  in  Table  11,  p.  61,  are  values  of  the  ^T|  and 
^Tji  taken  from  the  graphs  included  in  Figures  3 to  7.  Also 
in  Table  11  are  A,  the  known  amount  of  imimrity  in  mol.  fraction 
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Freezing  Point  Diagram  for  Alpha-pinene 

1.  Pure  2.  1.0  mol.%  d-Limonene 


Figure  5 
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17.51  I I 


10 

TIME  IN  MINUTES 


Freezing  Point  Diagram  for  d-Limonene 

1.  Pure  2.  0.4  mol .%  o<-pinene 


Figure  6 
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Figure  7 
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TIME  IN  MINUTES 

Freezing  Point  Diagram  for  Allo-ocimene 

1.  Pure  2.  0.4  mol.%  Dlpentene 


Figure  8 
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oalts,  and  X th«  ealculatad  anount  of  Impurity  in  mol.  frac- 
tion units. 

TABLX  11 


rXXXZllR}  POXBT  DXPtXSSIOMS  AMD  IMPUKITIIS 


Coiqpound 

T, 

D^pross 

Tii 

Dsgrsss 

A mol. 
Fraction 

X mol. 
Fraction 

-plnsns 

0.52 

1.45 

0.010 

0.004 

d-Limonsns 

0.40 

0.48 

0.004 

0.020 

Dipsntsns 

0.08 

0.20 

0.010 

0.007 

-pinsns 

0.18 

0.31 

0.010 

0.013 

Allo-ocimsns 

0.16 

0.26 

0.040 

0.064 

Xze^t  for  allo-oeimsns  and  d-limonsns  ths  amount  of 
impurity  in  ths  sampls  is  such  that  it  will  bs  nsfligibls  in 
offset  on  ths  hsat  of  combustion.  This  is  bassd  on  ths  fact 
that  such  impuritiss  as  ars  prsssnt  will  bs  isomsrs  and  as 
such  will  bars  nsarly  ths  sans  hsats  of  combustion. 

Allo-ocimsns  is  known  to  szist  as  two  gs<mstrie  is- 
aasrs.*®  Thsso  forms  boll  two  dsgrsss  apart  and  thsrsfors 
ars  difficult  to  ssparats  by  distillation.  It  is  a safs  as- 
sumption thsrsfors  that  ths  impurity  in  ths  allo-ocimsns  is 
largsly  dus  to  ths  offset  of  ths  trans  form,  which  is  prsssnt 
in  snallsr  amounts  than  ths  cis  form.  For  this  rsason,  and 
bscauss  ths  hsat  of  Isomsration  from  ths  eis  to  ths  trans  f<»m 


62 


is  not  known,  nn  anewrtnlnty  of  0.01  percont  was  nddod  to 
the  Tslne  of  the  heat  of  oonbustion  of  the  allo>ooiseae,  on 
the  assumption  that  the  isoners  differ  in  heats  of  eostbiastion 
by  less  than  5 Keal./nol. 

d-4iiM>nene  appeared  to  be  iiqpure  to  the  extent  of  2.0 
percent.  It  is  not  known  what  the  nature  of  the  inpurity  is 
but  it  is  nost  likely  isonerio  with  the  d-linoaene.  An  addi- 
tional uncertainty  of  0.01  percent  was  added  to  the  walue  of 
the  heat  of  conbnstioa  in  this  ease  also  to  sake  allowance 
for  the  impurity,  for  the  reasons  stated  above . 

Freesing  Points.-- from  the  data  values  of  the  freesing 
points  of  the  compounds  were  estinated.  leported  literature 
data  appears  to  be  grossly  in  error  on  this  point,  so  that, 
although  the  values  reported  here  are  uncertain  to  the  extent 
of  several  tenths  of  a degree  they  are  believed  to  be  a vast 
inprovenent  on  the  values  hitherto  reported. 

The  freesing  points  were  deteralned  by  extrapolating 
the  equilibrlnn  portion  of  the  cooling  curve  back  to  the 
cooling  curve  of  the  ll<|Oid  as  shown  in  Figures  3 through  8. 
The  values  of  resistances  so  determined  were  used  in  conjunc- 
tion with  the  Callander  conversion  formula  of  the  platinum 
theramteter  to  arrive  at  the  freesing  point  of  the  compounds 
in  degrees  centigrade. 

The  data  are  listed  in  Table  12  together  with  liter- 
ature values  for  the  purposes  of  comparison. 
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TABLE  12 > 

FIOZIITG  P011IT8  or  TBB  COIOK>UIID8 


Compound , 

Tf 

Lltaratura 

<x~-pin9n9 

-75.81 

-50*® 

^-placne 

-61.54 

d>LiaoB«B« 

-75.03 

-96.9*® 

DlpBBten* 

-89.03 

-96.9*® 

Allo-ociji«iM 

-25.64 

-21.0*® 

CHAFTn  T 


DISCTOSIOV  or  U8ULTB 

Th«  h«ats  of  ooMlnuition  of  ^-plnone,  ftllo-oeiMiio» 
and  ayreono  aro  here  reported  for  the  first  tiae.  Those  of 
cx-’Pinene,  d->llaonene»  and  dlpentene  hare  been  detemlned 
before  by  Anvers,  Both,  and  Blsealohr.^^  They  give  the  fol- 
loving  ▼alues{  cx-pisene  1480.6  Keal./aol.,  d-liaonene  1473.1 
Keal./aol.,  and  dipentene  1463.0  Keal./aol.  The  agreeaent 
betveen  cx^iaene  and  d-liaonene  in  this  investigation  and 
the  values  previously  reported  for  these  eoapounds  is  sur-' 
prisingly  good.  Hovever,  there  is  a large  discrepancy  in 
the  values  of  dipentene.  On  the  vhole,  it  seeas  that  the 
values  reported  previously  should  not  be  considered  signifi- 
cant. The  vork  vas  done  aose  40  years  ago,  before  adequate 
standards  had  been  established  in  caloriaetry  and  before  a 
good  aany  of  the  errors  inherent  in  the  procedure  had  been 
analysed.  Also  the  degree  of  purity  of  the  e<nq>ounds  for- 
aerly  used  is  in  doubt.  It  is  therefore  thought  that  the 
agreoMnts  shovn  are  largely  fortuitous  and  indicative  of 
nothing  in  particular.  * 

Heats  of  Twraation  fr<ai  Coabustion  Data, — ^The  ob- 
taining of  the  data  thenselves  vas  the  vrimarj  object  of  the 
investigation.  There  are,  hovever,  sone  interesting  energy 
relations  that  can  be  evaluated  frcm  the  heats  of  c<Mdmstion 
and  other  estimated  theraodynsaic  properties.  Since  the  heat 
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of  format  Ion  of  tho  eoiq>oando  haa  aoro  slgnifieaneo  from  a 
thooretleal  point  of  riov,  thoso  will  t>e  ealenlatod  as  a- 
first  stop  to  point  oat  tho  rolations. 

Bj  Mans  of  tho  oquations: 

(15)  10C02(g)  / SHsOd)  = CioBieCl)  ^ 1402(f) 

« 

Beal  ./sol. 

(16)  lOC(graph)  / 1002(f)  " 10C02(f) 

4^B  = -940.5  leal. /sol. 

(17)  8B2(f)  / 402(f)  = 8B20(1) 
dB  - -546.4  foal ./mol. 

wo  can  find  tho  boat  liboratod  in  tho  roaction: 

(18)  8B2(f)  / lOC(fraph)  = C^oH]i0(l) 

Adding  tofothor  aquations  (15),  (16),  and  (17)  giTos  us 
aquation  (18)  which  is  tho  roaction  for  tho  foraation  of  tho 
torpenos  froa  thoir  oloaonts.  Tho  hoat  saaoation  giros  tho 
rolation^iBf  = ^B©  - 1486,9  Ical./aol.  Taluos  of  tho /^B^ 
aro  listod  in  Tablo  10,  p.  48.  Tho  heats  of  foraation  so 
dotorainod  aro  listod  in  Table  IS,  p.  66. 

Boats  of  Foraation  froa  Bond  Baorgios. — ^Tho  heats 
of  foraation  froa  bond  onergios  wore  calculated  from  tho  fol- 
lowing oquationst 

(19)  lOC(g)  / 16H(g)  = ^10^16^8)  AB*nHcalc. 

(20)  10C(gTM>h)  = lOC(g)  AH-1243.0  Kcal./mol. 

(21)  8B2(g)  ■ 16B(g)  i^H»1034.0  goal  ./mol. 

(22)  C^oBx6(g)  = CioBxgd)  *4H»10  Kcal./aol. 
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TABLl  IS 

H1AT8  OP  FOIKATIOV  FIOI  COMBUSTIQH  DATA 


Cospound 

Kaal./mol. 

^ -pinana 

- 1.5  4).S4 

o<  -pinana 

- 3.6  <^.25 

Dipantana 

-11.9  ^.24 

Allo-oeimana 

- 5.8^  0.43 

d-Limonana 

-12.7  6). 27 

Myreana 

/ 3.8  ^.24 

Tho  atruetuTM  of  o^-pinona,  1,  and  ^-pinane,  IX,  ara 
shovn  balov.^^ 


I n 


froB  this  It  can  ba  aaan  that  thay  hava  10  C-C  bonds,  1 CC 
bond,  and  16  bonds.  Using  tha  Tslnas  glTsn  by  Panling^^ 
for  tha  hast  libaratad  In  tha  formation  of  thasa  bonds  from 
tha  gasaous  alownts,  we  araluatad  tha  haat  libaratad  in 
aquation  (19).  Thasa  raluas  ara  58.6  leal. /mol.  for  a C-C 
bond,  100  Keal./mol.  for  a C*C  bond,  and  87.3  Keal./mol.  for 
a C^  bond.  Tha  haat  absorbad  in  aquation  (20)  is  124.3 
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Keal«/>ol.^^  Th«  beat  absorbed  la  equation  (21)  Is  103.4 
Keal./sol.^^  Ixaet  ▼aloes  of  the  beats  of  Yaporlsatlon  for 
■ost  terpenes  are  not  arallable*,  so  It  Is  necessary  to  ose 
sons  sort  of  approzlnatlon.  Troiitoa*s  role  states  that  tbe 
entr<9y  of  vaporisation  for  non-assoolated  liquids  Is  a con- 
stant at  21  cal. /degree  sol.  Tbe  norsal  boiling  points  of 
tbe  cospounds  vary  betseen  43C^  and  455^  K.,  so  that  tbe 
beat  of  Tiqporlsatlon  at  tbe  norsal  boiling  point  was  cal- 
culated as  9300  cal. /sol.  Tbe  beat  of  vaporisation  Is  sose- 
idiat  blgbmr  at  298^  1.,  so  that  a fairly  good  estimate  of 
tbe  beat  evolved  In  equation  (22)  Is  10  Kcal./sol.  for  all 
tbe  ccmpounds. 

We  now  bare  all  tbe  Inforaatlon  necessary  to  cal- 
culate tbe  beat  of  forsatloa  of  tbe  compounds.  If  we  add 
together  equations  (19),  (20),  (21),  and  (22),  tbe  sum  Is, 
(23)  lOC(grapb)  / 882(g)  ’ Cl0>^16<^> 

Denoting  tbe  beat  calculated  In  equation  (15)  as  **^8^1^^^,^ 
tbe  beat  of  formation  ^8j>  - ~^itle.  ^ 9060.0. 

The  structure  of  d-llmonene  and  dlpentene  are  the 
same  since  they  are  c^tlcal  Isomers.  From  their  structure, 
shown  on  p.  68,  It  Is  seen  that  there  are  8 C-C  bonds,  2 

*Heats  of  vi^Kkrlaatlon  for  o<.pi]|«ii«  and  9-^lnene  have 
been  determined  la  this  lab<nratory  to  be  about  11,140  and 
10,390  cal. /mol.  respectively.  See  Armstrong,  Tapor  Pres- 
sures  of  cx-plnene  and  g-plnene.  University  of  Florida, 

XTwary; 
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C^C  bonds,  snd  16  bonds. 


Ths  stroetarss  of  sllo-oelasns,  I,  and  syrosns,  XI, 


It  Is  soon  that  thsy  havs  6 C-C  bonds,  3 bonds,  and  16 
C-H  bonds*  Tabls  14,  p.  69,  glTss  ths  Taluss  of 
tainsd  for  thsss  compounds,  ths  ralnss  of  ths  hsats  of  fom- 
atlon  fros  ths  bonb  snsrgiss,  and  for  ths  pnrposss  of  cos- 
par  Ison  ths  raluss  of  ths  hsat  of  foraation  obtalnsd  fros 
ths  hsats  of  eosbustlon. 

Bing  Strain  Incx-pinsns  and  g-plnsns.—lsfsrring  to 
Tabls  14,  p.  69,  vs  sss  that  from  ths  ^ If  caleulatsd  fros 
bond  snsrgiss,  o<-pinsns  and  p-pinsns  should  bs  soas  17.4 
Keal./aols.  aors  stabls  than  d-liaonsns.  Actually,  as 
shown  in  ths  last  coluan,  ex-plnsns  and  ^-pinsns  ars  rsspsc- 
tirsly,  9.1  and  11.2  Kcal./aols.  Isss  stabls  than  d-liaonsns. 
A glancs  at  ths  structurss  of  thsss  coapounds  on  p.  66  will 
show  ths  rsason  for  this.  Ths  noraal  tstrahsdral  bonds  of 
carbon  bars  bssn  strained  considsrably  to  fora  ths  cyclo- 


ars. 


30 


I 


II 
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TABLl  14 


H8AT8  OP 

rOBMATIOH  TlOa  BOID  IRlBGIEf 

1 

C<Mq>ound 

^■eae. 
EeiU  • 

6Ef 

Bond  Energies 
Kcal./aol. 

/^Ef 

Heat  of 
C<nibnstioa 
Kcal./nol 

o(  -pinene 

2082.8 

-22.8 

- 3.6 

^ -pinene 

2082.8 

-22.8 

- 1.5 

d-Linonene 

2065.4 

- 5.4 

-12.7 

Dipentene 

2065.4 

- 5.4 

-11.9 

Myrcene 

3048.0 

/11»B 

/ 3.8 

Allo-ocinene 

2048.0 

/11.8 

- 5.8 

Imtftne  ring.  This  strsinsd  eoaditioa  ooatribotss  to  ths  in- 
stability of  thsss  eonpoonds.  The  energy  of  the  ring  strain 
is  26.5  Keal./aol.  for<v-pinene  aad  38.6  Keal./aol.  for 


pinene.  These  values  are  slightly  higher  than  has  been  cal- 
culated before  trtiere  an  instability  of  sons  30  Ccal./aol.  was 
reported. In  the  case  of  -pinene  and  9-piaene  thwe  will 
be  slightly  sore  strain  introduced  than  in  a noraal  cyclo- 
butane  ring  because  of  the  six  nenbered  ring  which  nust  also 
be  closed. 

lesonance  in  Allo-ociaeae  and  ■yrcene. — ^The  value  of 
bEf  of  allo-ociaeae  and  nyrceae  calculated  froa  the  bond 
energies  indicate  that  they  should  be  17.4  Kcal./nol.  less 
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stable  than  d-llnonana.  dEf  Taluas  ealenlatad  fron  haats 
of  eonbnstion  ahow  that  allo-ociaena  is  actually  79  Keal./ 

Bol.  lasa  atabla  than  d-linonana  and  that  nyreana  la  actually 
16.5  Kcal./aol.  laaa  atabla  than  d-liaonana. 

Myrcana  haa  tvo  conjugated  double  bonda,  which  accord- 
ing to  Pauling  ahould  atabiliaa  it  by  about  6 Kcal./nol.  due 
to  raaonanca  between  the  following  foraa:^^and  the  one  on  p.68) 


The  actual  walue  calculated  here  ia  0.9  Kcal./aol. 

Allo-ociaene  haa  three  double  bonda , doubly  conjugated. 
According  to  Pauling,  reaonance  between  foma  auch  aa  theaei 


ahould  atabiliaa  it  to  the  eatent  of  about  10  Kcal./nol. 

The  actual  walue  calculated  here  ia  9.5  Kcal./nol. 

Heata  of  laoneriaation.— The  conpounda  inweatigated 
undergo  nuneroua  iaoneriaationa  anong  thenaelrea.  In  riew 
of  thia  it  ia  of  intereat  to  calculate  the  heata  of  iaoner- 
isation.  In  order  to  do  thia,  d-linonene,  being  the  noat 
atable  fron  the  heata  of  fomation,  waa  choaen  aa  the  one 
to  which  the  othera  were  referred.  The  energy  difference 
between  it  and  the  othwr  iaonera  waa  calculated  fron  the 
e<iuation. 


C 


C 


®10®16^^^  ■ CioHig(d-linonene)(l) 
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Th«  ▼■lues  of  tho  heats  of  isosMirlsstioa  so  ealenlsted  are 
fires  below. 

TABLl  IS 

HEATS  or  ISOHIRIZATIOH 


Conpound 

AHi 

Ecal./aol. 

d-Llnonene 

0.00 

Dlpentene 

/0.80 

Allo-oclaene 

/6.40 

o<-plnene 

/9.10 

^-plnene 

A1.30 

Myrcene 

/16.S0 

lBtr<^ies  asd  Free  ftmrfies  of  Sose  Isoserisation 
Eeactioas. — Sereral  reactions  larolrisf  these  eoiqpGitnds  are 
of  partleslar  Interest  In  that  they  are  the  products  of 
theraal  isoaerisatlon  and,  because  of  the  ease  with  which 
they  can  be  carried  out*  hare  been  larestlgated  eztenslrely. 

The  Isoaerlsatlon  of  ^-plnene  to  1-llnonene  Inrolres 
the  breaking  of  a four  Mnbered  ring. 


t-  u - z i z , •g 
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An  •stlantn  of  tho  ontropy  ehnngo  iavolTod  enn  bo  nrrlTod 
at  by  eonaldorlng  tho  oatropy  ehanfo  in  tbo  fol loving  ro> 
action: 


Parks  and  Rnffnan^^  bars  glvsn  tho  ontropy  of  botono  as 


butano  as  8^^  = 44.0  1.  U.  This  glTOS  A8^^  for  oijoatlon 
(25)  as  23.3  8.  n.  Mo  groat  orror  would  bo  Inrolrod  In  as- 
snaing  that  this  saao  ontropy  chango  oceurrod  In  reaction 
(24)  aboTo.  Haring  raluos  of  tho  heat  of  isoaerisation  and 
tho  ontropy  of  isoaorizatioa  vo  can  calculato  tho  raluo  of 
tho  free  onmrgy  of  isoaorisation  by  tho  equation » 


Then  AF  for  equation  (24)  above  is  -18.1  Kcal./aol. 

Considering  nov  tho  reaction  of  ^-plnono  to  ayrcono 


we  see  that  in  addition  to  tho  four  aoaborod  ring  being 
broken  there  is  a rupture  of  tho  six  aoaborod  ring  and  a 
conjugated  pair  of  double  bonds  introduced.  Proceeding  in 
tho  saao  fashion  as  for  tho  case  of  tho  four  aoaborod  ring 
considered  above  we  write  tho  reaction! 


(25)  CH2SCH-CH2-CH3 

CH2 — CHj 


g298  r 67.3  8.  U.,  and  have  ostiaatod  tho  oatropy  of  cyclo 


(26)  df  = ^H  - TAS 


(27) 
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(28)  Cn2*CH-€H2*^2*^2**CH3 


Parks  and  Bsffsan^  glvs  for  the  entropy  of  noraal  hexene, 


the  entropy  change  for  reaction  (28)  Is  z^8^®  = 18.9  I.  U. 

Equation  (27)  has,  therefore,  the  entropy  change 
InTOlred  In  breaking  the  four  aesbered  ring  plus  that  in- 
▼olred  in  breaking  the  six  aeabered  ring,  ainus  10.4  B.  0. 
for  fomation  of  tvo  conjugated  double  bonds, or  for 

e<psatioa  (27)  is  31.8  B.  U.  The  ralue  for  the  free  energy 
change  in  equation  (27)  then  becoaes  = -4.2  Kcal./aol. 

Considering  the  reactions  for  o<<^iaene  to  dipentene 


(29) 


V 
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und  to  allo-oclMno 


(30) 


CH3 

J^=C-C»C-C=C-C 
CH3  c 


ve  that  tho  entropy  ehaac#  for  reaction  (39)  should  be 
the  sene  as  that  for  reaction  (34),  and  the  entropy  change 
for  reaction  (30)  should  be  the  sane  as  the  reaction  (37) 
except  for  a decresent  in  8 due  to  3 conjugated  double  bonds. 
Then  utilising  the  heats  of  isonerisation  and  equation  (36) 
ve  hare  for  reaction  (39),  AF*®®  * -15,3  Koal^/nol^,  and  for 
reaction  (30),  AP*®*  5 -8*6  Ecal*/nol* 

Istinated  gntropies  of  Fomation  of  the  Terpenes 
Investigated , —As  a step  toward  the  evaluation  of  the  free 
energies  of  fomation  of  the  conpounds  utilising  the  heats 
of  fomation  evaluated  here,  it  is  necessary  to  have  values 
of  the  entropies  of  the  conpounds*  These  are  estinated  in 
the  following  manner: 

We  take  as  the  base  compound  the  hydrocarbon  3,6, 
dimethyl  octane,  . 


calculating  the  mtropy  of  branched  chain  hydrocarbons  the 
f omnia. 


Parks  and  Huffman®^  give  as  a general  relation  for 


8 = 35  / 7.7n  - 4.5r 
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vii0r0  n !•  th#  muibcr  of  carbon  atMn  in  the  compound  t 
in  the  nmiber  of  netbyl  groups  branched  fron  the  naln  chain, 
niis  foranla  gives  for  the  entropy  of  the  cosponnd  above 
93.0  I.  0. 

How  nyreene  is  sisilar  to  this  c<MqK>and  except  that 
it  has  three  double  bonds,  two  of  then  conjugated.  Elots^^ 
says  that  2.3  I.  U.  should  be  subtracted  frou  the  entropy 
of  the  base  coupound  for  each  double  bond  introduced  and 
that  10.4  K.  0.  should  be  subtracted  frem  the  entropy  for 
each  pair  of  conjugated  double  bonds.  Making  allowance  for 
these  contributions  we  get  for  the  entropy  of  nyreene  76.0 
8.  0. 

Allo>ocinene  has  the  sane  number  of  couble  bonds, 
however  they  are  all  conjugated.  This  means  that  an  addi- 
tloaal  10.4  8.  U.  should  be  subtracted  from  the  value  ar- 
rived at  above  for  myreeae.  This  gives  a value  for  the 
entropy  of  allo-ocinene  of  65.6  8.  0. 

d-Limonene  and  dipentene  have  the  same  structure. 

In  order  to  form  then  fron  allo-ocimene,  it  is  necessary  to 
close  a six  nembered  ring.  Another  contribution  enters  from 
the  fact  that  the  conjugation  in  allo-ocimene  is  lost  in  the 
formation  of  d— limonene  and  dipentene.  Therefore  in  going 
from  allo-ocimene  to  d-linonene  we  lose  18.9  8.  U.  in  forming 
the  six  nembered  ring  and  gain  20.8  8.  H.  in  losing  the  double 
conjugation.  This  gives  for  the  entropy  of  d-limonene  and 
dipentene  67.5  8.  0. 
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<v-^laen«  and  ^-piaena  caa  ba  foraad  from  d-liaoaaaa 
by  elosinc  a four  aaabarad  rlag.  km  ahowa  oa  p.  72,  tha 
aatropy  ehanga  la  parforalag  this  oparatioa  is  23.3  I.  U. 
Subtract lac  this  fros  tha  aatropy  of  d-liaoaaaa  wa  gat  for 
tha  ralua  of  tha  aatropy  of  (V>plaana  and  ^-plnana  44.2  I.  U. 
raspactlraly. 

Sstisatad  Fraa  laargias  of  foraatioa.-»«Ptlllslag 
tha  ralaas  of  tha  aatropias  of  tha  ooiqtouBds  ealealatad 
abova.  it  Is  possibla  to  arrira  at  raluas  of  tha  fraa  aaar- 
gias  of  forsatloa  of  tha  coaqKraads. 

Usiag  tha  aqaatloa 

lOC(graph)  / 8R2(g)  = CxoBigCD 
wa  caa  ealealata  tha  aatropy  chaaga  lawoXwad  la  tha  forsa- 
tioa  of  tha  eospouads.  Parks  aad  Bnffsaa^  glwa  for  tha 
aatropias  of  alnaaatal  earboa  1.3  I.  U.  pwr  w>la  aad  for 
gasaous  hydrogaa  31.23  1.  u.  par  sola.  Thaa  AS  of  forsatioa 
agaals  8(CioBxg)  - 262.8. 

Tha  waluas  of  tha  aatropias  so  datamiaad  ara  asad 
vith  tha  waluas  of  tha  haats  of  forsatioa  ia  Tabla  13»  p.  66, 
to  giwa  tha  waluas  of  tha  fraa  aaargias  of  forsatioa  of  tha 
e<mpouads. 

Tha  waluas  of  tha  aatropias  aad  tha  fraa  aaargias 
ara  listed  ia  TSbla  16,  p.  77. 
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TABLE  16 


nmopiis  AMD  ntis  hiibgiee  or  tobiatioh  at  250  c. 


CoapooBd 

ATf 

Cal./aol. 

Keal./aol. 

0^  •iliiiieiM 

-218.6 

/61.5 

-218.6 

/63.6 

d>Ll»oa«a« 

-195.3 

/45.5 

Dipaataaa 

-195.3 

/46.3 

■yrcaa* 

-186.8 

/59.4 

Allo-oelaeaa 

-197.2 

/53.0 

8T1P8  IH  THI  CAXXniLATI(»r  OP  HEAT  LIBHATID  IE  C0HBU8TICHI  OP  BEHEOIC  ACID 
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8UMMAST 


1.  An  i4»paratns  for  tbo  dotoralnatioa  of  hoata  of 
eoaboatiott  haa  bean  daaerlbad  la  detail. 

2.  Meaaareaenta  of  the  heata  of  eoalmation  hare 
been  carried  out  on  alz  terpene  hydrocarboaa. 

3.  The  aethod  of  reducing  the  data  haa  been  dea- 
crlbed  In  detail. 

4.  Heata  of  forantloa  have  been  evaluated  from  the 
heata  of  coabaatlon  and  froa  bond  energlea  and  com>arlaona 
between  thea  aade. 

5.  latroplea  of  the  co^pounda  have  been  eatlaated 
e^>lricall7  and  froa  theae  valnea  and  the  heata  of  foraatlon 
calculated  froa  heata  of  coabnation,  the  free  en«rglea  of 
foraatlon  eatlaated. 

6.  The  free  energy  change  of  aoae  laoaerlaation 
react Iona  have  been  eatlaated. 

7.  The  purity  of  the  coapouada  haa  been  eatlaated 
froa  aeaanreaenta  of  the  freeslng  rhnge  for  five  of  the  coa> 
pounda  Inveatlgated. 

8.  The  freezing  polata  of  five  of  the  coapouada 
inveatigated  have  been  reported. 
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BIOGRAPHICAL  HOTS 

Warren  T«  Erlksen  was  bom  in  Hew  Port  Hews, 
Virginia,  on  the  12th  of  August  in  1923.  He  raored  to 
Florida  shortly  thereafter,  where  he  has  lived  sinoe. 

He  was  eduoated  in  the  public  schools  of  Orange  City  and 
BeLand,  Florida,  In  1940  he  enrolled  in  the  Ohiversity 
of  Florida,  From  1942  to  1946  he  served  in  the  TMited 
States  Amy,  and  on  his  return  to  the  Uhiversity  of 
Florida  took  his  B,8,  in  1948,  Since  that  time  he  has 
been  in  continuous  enrollment  in  the  Graduate  School  of 
the  tMiversity  of  Florida,  where  he  was  a graduate  assist- 
ant and  later  a teaching  assistant. 
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of  tha  chalraan  of  tha  eandidata's  auparTlaory  eonlttaa 
and  has  baan  approvad  hy  all  nanbars  of  tha  emnalttaa.  It 
was  sttl»lttad  to  tha  Daan  of  tha  Collaca  of  Arts  and  Scianeas 
and  to  tha  Oradnata  Counoil  and  was  approvad  as  partial  fnl> 
fillnant  of  tha  raqulranants  for  tha  dagraa  of  Doctor  of 
nillosophy. 


August  16,  1952 


and  Meiancas 


^an,  Gradunta  805001 


8UPXBVI80ET  COnUTTIE: 


